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Abstract 
The wind flow characteristics around low-rise buildings with different geometries are 
investigated experimentally and numerically in this study. Computational Fluid Dynamics 
(CFD) simulations are conducted with simulation methods of Reynolds-averaged Navier-
Stokes simulation (RANS) and large eddy simulation (LES). Scale-down models are tested in 
wind tunnel and the acquired results are used to validate simulation data. The experimental 
results are expected to verify the provided provisions in standards and supplement the cases 
that are not included in standards. With the rapid development of CFD, it is obtaining more 
acceptance over the last few decades. Simulations results from RANS with different turbulence 
models and LES are compared and validated by wind tunnel tests to evaluate the performance 
of CFD and determine a suitable simulation method for different flow cases. Besides, the 
critical flow regions around buildings with different geometries are identified. Both the 
significantly higher positive pressure and suction pressure generated in critical regions can 
cause partial failures of a building more easily than the other parts, and should arouse enough 
attention from wind engineers. 
Results show that different opening configurations, specifically, an enclosed building, a 
building with a windward opening, a building with a windward opening and a sidewall opening, 
and a building with a windward opening and two sidewall openings, have little influence on 
the external pressures. But these different opening configurations can result in large difference 
on the internal pressures and cause dramatically different net pressures acting on a building. 
Different roof angles can generate totally varied external pressure distributions when the wind 
direction is perpendicular to the roof ridge, and this difference is almost negligible when the 
wind direction is parallel to the roof ridge. When the wind direction is oblique to the building, 
there is a general tendency for high suctions to reduce significantly when the roof pitch 
becomes steeper. This is because vortices with higher turbulence are always generated on the 
roof due the sharp edges of a lower roof pitch. 
By comparing the RANS simulation results from different turbulence models, 𝑘 − 𝜔 𝑆𝑆𝑇 
turbulence model has the best performance in pressure prediction compared to the other models. 
However, steady state RANS simulation method shows relatively large discrepancies in the 
prediction of roof corner vortices. Large eddy simulation has improved accuracy over RANS 
in the pressure prediction of corner vortices when a building is under oblique wind directions. 
Both the absolute values of pressure coefficient and the pressure distributions on the roof can 
be better simulated by LES. The reason is attributed to the high turbulence generated in this 
flow problem, where a transient simulation method could capture high intensity turbulence 
better than a steady state simulation method. 
Furthermore, the effects of balconies, roof overhangs and roof shapes, are studied to determine 
the impact of these subtle changes. The existence of balcony could effectively reduce the 
pressure coefficients on the windward wall, and building with roof overhang suffers higher 
suction pressure near the leading edge, which makes the roof structure more vulnerable than 
building without overhang. The different roof shapes, including flat roof, gable roof and round 
roof, generate similar flow patterns around building and similar pressure coefficients on the 
building surfaces. When the wind direction is perpendicular to the roof ridge, more severe 
suction pressures can happen on the roof when the roof shape changes in the order of flat, gable 
and round. The change of roof shape has little influence on the magnitude of suction pressures 
brought by roof corner vortices at a wind direction of 60° but can affect the pressure distribution 
patterns. 
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1. Introduction 
1.1 Research Background 
Wind is a part of our daily life. It is naturally caused by the difference of atmospheric pressure, 
and always moves from a higher to a lower pressure area. Wind can be beneficial to human 
beings, for example, serving as the source of wind power. On the other hand, wind can bring 
destructive damages to the structures built on the surface of earth, especially for the low-rise 
buildings. Most of the buildings on earth could be categorised as low-rise buildings, which 
always refer to buildings lower than 35 meters and are commonly used for institutional, 
residential, commercial and some other purposes. This type of building is generally very 
susceptible to wind-induced damages caused by extreme wind conditions like wind storm and 
hurricane, especially the family dwellings, which are always non-engineered and lacking in 
maintenance [1]. However, the assessment of wind loading on low-rise building is very difficult. 
Holmes [2] attributed the reason to three factors: 
• The low-rise buildings are immersed in the boundary layer on the earth’s surface, where the 
turbulence intensity is high, and interference and shelter effects are important, but difficult to 
quantify. 
• Roof loading is of high importance for low-rise building and could change significantly with 
different building geometries. The highest wind loading is always caused by the suction on the 
roof and results in structural failures where it is not designed. 
• The internal pressures can be very important when there are openings on low-rise buildings, 
especially when a dominant opening occurs in a windward wall. The magnitude of internal 
pressure peaks in this case, and its correlation with the peaks of external pressures should be 
assessed. 
Regardless of these difficulties, the frequent wind-induced damages on low-rise building, as 
shown in Fig. 1, indicates that the existing Wind Standards have critical deficiencies in the 
design of low-rise buildings. More research work is believed to be necessary for this subject. 
 
Fig. 1. Structural damages caused by windstorms on low-rise buildings in Australia 
1.2 Research Objective 
1.2.1 Critical Areas around Building 
There are two possible mechanisms of flow when wind approaches a target building either it 
needs to flow around it or a combination of both around and through it in the presence of 
openings. For both cases, the building acts as a barrier which disrupts the natural, propagating 
flow of wind. The pressure induced by the wind on the surface of building can give rise to 
localised effects which may be critical and cause instabilities in the building’s structural form. 
For example, the wind flow will separate into an upstream and a downstream at the stagnation 
point when the wind direction is perpendicular to the roof ridge, as displayed in Fig. 2(a). The 
velocity is zero and static pressure reaches the maximum at the stagnation point. Besides, a 
flow separation bubble will form on the roof when the wind flow meets sharp edges, as shown 
in Fig. 2(a). The high positive pressure around stagnation point and suction pressure on the 
roof are of high importance in building design. When the building is under oblique wind 
directions as shown in Fig. 2(b), the high suction beneath the vortices on the roof is another 
point of interest. 
These critical areas should draw adequate attention from wind engineers considering the 
potential partial damage of these critical areas, which can possibly result in structural failure. 
These critical areas can also vary significantly with different building geometries, which is 
naturally due to the different blockage effects cause by varied building geometries. Mehta [3] 
attributed windstorm-induced damage to buildings to one or more of the following reasons: (1) 
higher wind speed in a windstorm than the design wind speed, causing loads beyond the normal 
safety factor in the design; (2) deficiencies in the design or construction of a building, creating 
a ‘weak link’ in the structural system; (3) deficiencies in the building standard or code, leading 
to inadequate designs; (4) a lack of understanding of wind induced forces which could result 
in under design of building. Therefore, the identification of these critical areas is crucial to 
improve the current wind standards.  Besides, exploring the relation between these critical areas 
and the building geometries can also provide provisions with higher accuracy in these standards. 
The investigation on the critical areas is one of the most important parts in wind engineering. 
Considering the wide application of gable roof in Australia, building models with gable roof 
will be the investigation emphasis of this thesis. 
 
 
                                            (a)                                                                                                                    (b) 
Fig. 2. Wind flow over a gable roof building under: (a) perpendicular wind direction and (b) oblique wind direction. 
1.2.2 Computational Fluid Dynamics 
Computational fluid dynamics (CFD) is a branch of fluid mechanics, using numerical method 
to simulate flow characteristics in the defined domain. With the quick development of CFD 
these years, it is gaining more and more acceptance from wind engineers. As a complementary 
tool in wind engineering, CFD has particular advantages compared to the other more traditional 
areas like full-scale on-site testing or reduced-scale wind-tunnel experiment. The testing 
conditions cannot be fully controlled for full-scale on-site testing, and the cost of wind tunnel 
measurements is considerably high [4]. However, all the variables within the flow domain 
could be solved under well-controlled conditions in CFD, and the cost is also significantly 
lower than full-scale on-site testing and wind tunnel experiment. If the accuracy and reliability 
of CFD could be proved, this method is believed to be a more time-efficient and economical 
alternative than wind standards or wind tunnel experiments in building design.  
Although the prospect of CFD is very promising, more research work is still needed on this 
subject to make it more applicable. This is because the results of CFD are very sensitive to a 
wide range of parameters, which are mainly defined by users. For example, the selections of 
computational size, computational grid, turbulence model and boundary condition, can all lead 
to dramatical influence on computational results. This is also the reason why experimental 
results should always be introduced to validate the simulation results. Therefore, well-
developed guidelines are highly required for CFD to cope with different flow problems. 
Blocken [5] proposed ten tips and tricks towards accurate and reliable results of Reynolds-
averaged Navier-Stokes (RANS) simulation method. He also summarised that several sets of 
guidelines had been developed for RANS in the past 15 years but the same extent level had not 
been achieved for large eddy simulation (LES). The lack of well-developed guidelines is one 
of the most important dampers for the practical application of LES. The existence of different 
simulation methods including direct numerical simulation (DNS), LES and RANS, makes the 
investigations on this area highly important. Although DNS is still not suitable for industrial 
usage due to the limit of current computer processing speed, the exploration on RANS and LES 
is meaningful. This is because LES can always bring higher accuracy than RANS for transient 
flow problems but also lead to a dramatically higher computational cost. Therefore, the 
selection of simulation methods is critical for different flow problems because both 
computational accuracy and computational cost should be taken into consideration in a real 
industrial problem. The study of this subject is significant in terms of complementing the 
guidelines of under-developed simulation methods and determining a better simulation method 
for different flow problems. 
1.3 Research Aim 
The main objective of this study is to investigate the effects of wind on low-rise buildings, 
which are commonly constructed for residential, commercial and industrial uses. Special 
attention has been given to the overall geometry of the structure in terms of openings, roof 
pitch angles and other elements which may have a severe impact on the localised pressures. 
Hence, the research aims of this subject could be summarised as the followings: 
• Verify the related provisions in the current wind codes and standards. These provisions are    
always simplified and might cause insufficient building design.  
• Identify the critical areas around low-rise buildings with different geometries and wind 
directions. These critical areas are naturally resulted from the blockage effect of building and 
can cause much more critical wind loading on building surface than the other areas. 
• Explore the influence of simulation parameters on the results based on experimental data. 
Different simulation parameters such as mesh configuration and turbulence model, can lead to 
large discrepancies on simulation results. Experimental data is introduced to validate the 
simulation results. 
• Determine the best simulation method for different flow problems and develop guidelines for            
CFD. The selection of simulation method is one of the most important factors for CFD users.  
 
1.4 Thesis Organisation 
This thesis will adopt a format of submission by publications and is divided into six chapters. 
Chapter 1 gives the background and objectives of the thesis. Chapter 2 overviews the past 
studies on the geometries and details of low-rise buildings. The performances of different 
simulation methods in the studies are also summarised. In chapter 3, the wind loading on 
buildings with and without openings is investigated numerically and experimentally and 
compared with Australia Wind Standard AS 1170.2. The results find that steady state RANS 
turbulence model shows the deficiency to predict roof corner vortex under oblique wind 
directions. Therefore, transient turbulence model of LES is introduced in chapter 4 and the 
performance is compared with RANS based on wind tunnel data. The building models in 
chapter 3 and 4 are simplified as having no details. In chapter 5, different building details and 
roof shapes are studied. Chapter 6 concludes the main outcomes of this thesis and gives some 
recommendations for future research. 
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2. Literature Review 
2.1 Introduction 
The individual Chapter 3 and Chapter 4 in this thesis, which address the research aims that are 
previously highlighted, have their own comprehensive literature reviews. Therefore, this 
chapter gives an introduction on the two major areas covered in this thesis, namely, building 
geometries and details, and computational fluid dynamics. A discussion on each subtopic are 
presented in section 2.2 and section 2.3. The previous studies on wind flow around different 
building geometries are summarised in section 2.2. The highlight is on the different critical 
regions caused by geometry variations. The studies on the different building details such as 
balcony, which are critical factors that can affect flow characteristics around the building, are 
also summarised in this section. In addition, the wide applications of CFD on different 
industrial areas are reviewed in section 2.3. The performances of various simulation methods 
on different flow problems are discussed in this section. 
2.2 Building Geometries and Details 
The roof shape is one of the most important parameters that could affect the flow patterns 
around a building. The roof is one of the most prone components for failure under adverse 
weather conditions in the design of low-rise structures. The high suction pressures brought by 
flow separation under perpendicular wind directions or corner vortices under oblique wind 
directions, make the roof suffer higher wind loadings than the other parts, and therefore easier 
to collapse and cause structural failure. Comprehensive investigations were conducted to study 
roof corner vortices on different building geometries such as a gable roof building [1], flat roof 
building [2], curved roof building [3], and saddle roof building [4] under different wind 
directions. Hoxey et al. [1] investigated gable roof models with roof angles of 14° and 26°, and 
summarised that the pressure changes brought by building geometries were not reflected in 
current wind loading design codes. Tryggeson and Lyberg [2] found the pressure coefficient 
on a flat roof decreased as the inverse of the square root of the distance from the corner. 
Franchini et al. [3] studies both the magnitude of mean suction peaks and their positions with 
different roof curvatures. They found the pressure peaks were located close to the windward 
wall corner of the roof, and decreased as the roof curvature grew especially under large wind 
directions. Two saddle roofs with different curvatures were studied by Dong and Ye [4], and 
they found the flatter roof could result in more severe suction near the apex but the damaging 
suction was limited to a smaller area near the roof corner compared to a more curved roof. 
Prasad et al. [5] conducted a more comprehensive study and considered different roof shapes 
including gable, hipped and flat roofs. A critical roof angle of 45° was found for gable and 
hipped roof buildings that had the best performance, and the peak suction pressures on the roof 
were reduced by 85% and 91%, respectively, compared to a flat roof building. Besides the 
pressure distribution, Yassin [6] summarised that the roof shapes and roof heights of the 
buildings were all important factors for air quality within urban canyons. The results indicated 
that the pollutant concentration increased as the roof height decreased. Perén et al. [7] tested 
the influence of roof inclination on the effectiveness of wind-driven cross-ventilation in 
buildings. A higher roof inclination angle was found to have a significant effect on the 
ventilation flow, increasing the volume flow rate by a ratio of more than 22%. Roof shape also 
had large influence on the distribution of snow load, which might cause unbalanced load on 
the roof [8-10]. The variation of roof shapes was proved to have critical influence not only on 
wind loadings around building, but also on pollutant dispersion, wind-ventilation and snow 
distribution.  
Besides the roof shape, aspect ratio is another parameter that could lead to dramatically 
different flow patterns around buildings. Amin and Ahuja [11] studied rectangular building 
models having the same plan area and height but different side ratios. They discovered that 
side ratio of building models could considerably affect the magnitude and distribution of wind 
pressure on leeward walls and sidewalls but had little influence on windward walls when the 
wind direction was parallel to the roof ridge. Jing and Li [12] investigated gable roof buildings 
with two different side ratios, and found that the suctions on the leading edge of windward roof 
could be mitigated with a higher side ratio. Lee et al. [13] found that the transverse width had 
a substantial effect on the surface pressure around the body. The surface suction pressure 
increased with the width of the model geometry becoming larger. 
Although studies on building geometry are tremendous, the majority of these studies 
concentrated on simple building geometries without façade details. Façade details like parapet 
and balcony can also significantly affect the flow pattern and pressure distribution around a 
building. Stathopoulos and Baskaran [14] found that parapet could generally reduce the high 
suctions on roof edges and might slightly increase the suctions on the interior areas of the roof. 
However, roof corner suctions increased significantly for low parapet height. This finding is in 
agreement with the experiment results conducted by Stathopoulos et al. [15]. They found that 
high parapets reduced the high suctions on roof corners. On the other hand, the high values of 
mean suctions increased on roof edges and corners. The significant suction increases occurred 
for a particular range of parapet height to building length ratio, which was between 0.01 and 
0.02.  Pindado and Meseguer [16] found the medium porosity parapets could be more effective 
than solid vertical parapets to reduce the suction peaks on the roof. Montazeri and Blocken [17] 
revealed that the existence of balcony could affect wind-induced mean pressure coefficient 
across the façade, which was attributed to the multiple areas of flow separations and 
recirculation brought by the introduction of balcony. Besides, balcony had large influence on 
the indoor velocity, which was an important factor for the natural ventilation system of a 
building [18]. These building details also had effect on the reduction of exterior noise and could 
contribute to a more comfortable living condition, which was investigated and proved by Lee 
et al. [19]. 
In summary, many factors can affect the flow patterns around buildings and therefore result in 
different wind loadings on buildings. Roof is the most vulnerable part where most wind 
damages happen. Different roof types and roof angles can bring large differences. The others 
factors like aspect ratio, parapet and balcony, can also alter the pressure distribution on building 
façade that have been previously identified. The research on these different building geometries 
can help to identify the critical areas around a building, where the wind loadings are always 
much higher than vicinity areas. The identification of the critical areas can help to supplement 
wind-loading standards, and exploration on the relation of these critical areas with different 
building geometries is meaningful to avoid the extremely high wind loadings and optimise the 
building design.  
2.3 Computational Fluid Dynamics 
As a complementary tool of traditional wind engineering, computational fluid dynamics (CFD) 
has experienced significant progress and is gaining more acceptance from wind engineers in 
the past decades. Satisfactory results could be acquired from CFD on various areas like indoor 
and outdoor thermal environment [20, 21], pedestrian-level wind conditions [22, 23], and wind-
driven rain [24, 25]. Regardless of these remarkable advantages of CFD, the accuracy of 
simulation results highly relies on a wide range of simulation parameters, which are inputted 
by CFD users. Different parameters like mesh resolutions, turbulence models and boundary 
conditions, can all generate tremendous discrepancies. This means well-developed guidelines 
could be indispensable for the practical application of CFD. In more recent years, extensive 
best practice guidelines have been compiled by researchers, guiding the use of CFD to a higher 
level of accuracy [23, 26-29].  
Based on these best practice guidelines, different simulation methods have been extensively 
validated by researchers. The majority of these studies concentrated on RANS, which is mainly 
because of its well-developed guidelines, lower computational cost and satisfactory 
performance in industrial areas. Richards and Norris [30] tested a series of RANS turbulence 
models, and discussed the problems of turbulence models with excessive turbulence generation 
near the ground and over-prediction of stagnation pressure. They proposed that the inlet 
conditions, the turbulence model and the ground and top of domain boundary conditions, 
should form a consistent set. The importance of inlet condition was also verified by Akon and 
Kopp [31]. The inlet flow intensity affected the size of flow separation and the size of 
separation length on a low-rise building roof. The ignoring of any of these configurations could 
decrease the accuracy of simulation results. Besides, the accurate simulation of a horizontally 
homogenous atmospheric boundary layer is also critical to the accuracy of simulation results, 
especially for studies of pollutant dispersion and deposition [32]. A series of solutions were 
suggested by Blocken et al. [33] to achieve horizontal homogeneity of atmospheric boundary 
conditions. With proper simulation configurations, RANS can always give decent performance, 
especially when only time-averaged values are of interest [34, 35]. The performances of 
different turbulence models also vary a lot on the prediction of various parameters compared 
to results measured from wind tunnel tests. Tominaga et al. [10] found that RNG k − ε model 
exhibited better performance than standard k − ε and k − ω SST models in the prediction of 
the turbulent kinetic energy.  Ozmen et al. [36] found that realizable k − ε  turbulence model 
had good agreement with experimental data in the prediction of mean velocity and turbulence 
kinetic energy, and standard k − ω could accurately predict mean pressure coefficient. Xing et 
al. [37] proved the capability of k − ω  SST model in the prediction of mean pressure 
coefficient and found significant overestimations of k − ε  models on pressure coefficient 
around stagnation point and flow separation part.  
However, RANS is not able to handle all the flow problems, especially complex flow problems 
with high turbulence. Tominaga et al. [10] attributed the large deviation between the results of 
the simulation and the measured results behind the building to the large-scale transient 
fluctuations caused by vortex shedding, which could not be reproduced by steady RANS. 
Montazeri and Blocken [17] observed large deviations for wind pressure on the leeward façade 
under oblique wind directions and believed large eddy simulation was necessary in this case. 
Because DNS is seriously restrained by the current computer processing speed, simulation 
methods such as large eddy simulation (LES) and detached eddy simulation (DES), are 
regarded as a compromise plan in terms of complex flows. The transient lift and drag 
coefficient coefficients around a low-rise cube, were testified to be accurately reproduced by 
LES under different downburst directions [38]. Mo et al. [39] found good agreement with 
experimental results for the axial velocity predictions by large eddy simulation behind a wind 
turbine. The wind loadings around buildings and structural response, which were meaningful 
to ensure the correct and safe structure design, were also proved to be predicted well with large 
eddy simulation [40, 41]. Some LES parameters, such as the turbulence generation of inlet flow 
and the selection of time step, were also discussed extensively so that accurate simulation 
results could be obtained at a lower computational cost [42-44].  
There are also some investigations that taken more than one simulation method into 
consideration. Tamura et al. [45]  suggested the improvement of 𝑘 − 𝜀 model as a simple model 
for complex flows around a low-rise building and LES for unsteady problems. Tominaga and 
Stathopoulos [46] evaluated the performance of LES and RANS on the dispersion problem 
around an isolated cubic building, and found that LES could always give better results than 
RANS on the distribution of concentration. Van Hooff et al. [47] presented a validation of 
cross-ventilation flow through a generic enclosure with five different RANS turbulence models 
and LES. Liu and Niu [48] evaluated the performances of steady RANS, LES and DES in 
simulating airflow around a building. They found DES was able to capture wind flow features 
around the building, and produced similar results with LES with lower mesh numbers and 
computing time. The comparisons on different simulation methods are believed to be 
meaningful to in the selection of a more proper method for different flow problems. However, 
the quantity of this kind of investigations is still very low. More studies in this area are believed 
to be necessary.  
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3. Study on Gable Roof Buildings with and without Openings by 
Wind Tunnel Test and Steady RANS 
This chapter is composed of a paper titled with ‘Experimental and numerical study on mean 
pressure distributions around an isolated gable roof building with and without openings’ 
published in Building and Environment. The thought of paper is aroused by authors’ 
observation on windstorm news happened in Australia, where the low-rise buildings can hardly 
maintain their structural integrity in windstorms. The wind loadings on a low-rise building with 
openings can be more complex due to the introduction of internal pressures, and different 
opening positions can bring very different net pressures on low-rise buildings. The failures of 
these low-rise buildings are believed to be attributed to the deficiencies of Australian Wind 
Standard, which will be compared with experimental results and numerical results in this 
chapter.  The investigations on this topic are meaningful for building safety especially in coastal 
cities. Besides, the simulation results from steady RANS will also be introduced and validated 
by experimental results. The aim of this chapter is to improve the current wind standard, study 
the influence of openings on the wind flow around a low-rise building, and assess the 
applicability of steady RANS on pressure prediction.  
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ABSTRACT 
In this study, the influence of opening position and wind direction on pressure distribution 
around isolated gable roof buildings with and without openings were investigated. 
Computational Fluid Dynamics (CFD) simulations were performed and compared with wind 
tunnel experimental results. One of the aims of this study was to develop well-defined design 
guidelines for typical gable roof structures, identifying critical localised pressure rises due to 
different wind attack angles. Existing international standards provide limited design guidelines 
for localised wind pressure distribution of such buildings, especially in cases where there are 
openings. Wind tunnel experiments were conducted to obtain mean pressure distributions of 
critical areas of the building under different wind directions with four different opening 
configurations, namely, an enclosed building, a building with one windward opening, a 
building with one windward opening and one sidewall opening, and a building with one 
windward opening and two sidewall openings. A CFD-based numerical simulation approach 
was used to create a virtual wind tunnel in the computational domain. Sensitivity analyses for 
grid resolutions and turbulence models of simulations were performed for the building with a 
windward opening.  
Results from the numerical simulations show good agreement with the experimental results on 
pressure distribution. The validated models were used to identify critical areas of the buildings 
that must be considered in the design stage. The relevant pressure coefficients are presented 
and compared with the standards. The importance of performing a comprehensive wind study 
using a numerical approach or wind tunnel tests is highlighted.  
Keywords: Gable roof structures, wind tunnel study, computational fluid dynamics (CFD),    
steady RANS 
1. INTRODUCTION 
When a low-rise building undergoes severe weather conditions such as from a tornado or 
thunderstorm, the high pressure around the building and flying debris caused by the high winds 
can easily damage fragile parts of the building (e.g., doors and windows), which means that an 
enclosed building will turn into a building with openings. This can change the external and 
internal pressure distributions on the surfaces of the building and rises in localised pressure are 
observed. Current wind design standards have not included sufficient provisions to cope with 
this possibility. 
The transient response of internal pressure brought by the sudden opening has been the focus 
of various studies [45-47]. Ginger and Letchford [48] not only studied internal pressure 
fluctuation, but also took net pressure into consideration and compared this with Australian 
wind load standard AS 1170.2:1989. The results of this study showed that the net pressure from 
AS 1170.2:1989 was conservative for sealed buildings but underestimated buildings with 
openings. However, their study was limited to a windward opening, which was further 
developed by Sharma and Richards [50], who also added a corner wall opening and compared 
the net pressure with both the provisions in the Australian/New Zealand wind loading code 
AS/NZS 1170.2:2002 and the American wind loading code ASCE7-02. Sharma and Richards 
(2005) also found a highly correlated relationship between fluctuating internal and roof 
external pressure, which showed good agreement with a previous study by Beste and Cermak 
[53]. In more recent studies, Guha et al. [54] investigated a variety of factors influencing 
fluctuating internal pressure, including building volumes, opening sizes and wind speeds, using 
a covariance integration approach in a wind tunnel. The results were used to empirically 
develop design equations of influence factors for low-rise buildings with a dominant opening. 
The internal pressure dynamics in a building with multiple openings on a single wall was also 
studied experimentally and compared with a single wall configuration by Guha et al. [55]. From 
a review of these studies, it can be summarised that internal pressure fluctuation and its 
relationship with external pressure has attracted attention from researchers; however, there is a 
lack of study on the influence of the number of openings and opening position on external and 
internal pressure. Further, the wind direction is another topic of concern, especially in high 
wind-prone areas such as coastal cities where the wind direction can be a critical variable in 
severe weather conditions. When the wind direction is oblique to the edges of a building, the 
high suction caused by the corner vortex can cause serious damage to the roof. This topic has 
also caught the attention of wind engineers who have investigated the effect of suction on 
different kinds of roofs. [7, 13, 56].  
Some studies have taken the CFD-results into consideration in order to validate its applicability 
to pressure prediction under oblique wind directions. Tamura et al. [40] employed both the 𝑘 −
𝜀  model and large eddy simulation (LES) for turbulent flows on a low-rise building 
(breath:depth:height = 1:1:0.5). They suggested the use of the 𝑘 − 𝜀 model for complex flows 
around a building, and LES for unsteady problems. He and Song [57] investigated roof corner 
vortex of the Texas Tech University (TTU) building with large eddy simulation and concluded 
that the simulation could capture fluctuating eddies at all scales and would be close to wind 
tunnel data if the mesh was fine enough. The unsteady characteristics and unsteady motions of 
the conical vortex were studied by Ono et al. [58] using LES and a flow visualisation technique, 
which also found a good match between the simulation and wind tunnel results. Generally, 
LES is preferred by wind engineers over RANS for the study of corner vortex due to the 
advantage of this simulation in unsteady flow problems. However, the disadvantages of LES 
are also very obvious, including expensive computational costs, complexity of simulation 
techniques, and the absence of best practice guidelines [4]. These limitations mean that LES 
cannot replace Reynold-averaged Navier-Stokes equations (RANS) as the most widely used 
simulation approach in wind engineering. RANS has been applied with a satisfactory degree 
of accuracy in many areas, such as pedestrian-level wind [59, 60], natural ventilation [61, 62], 
and wind-driven rain [63, 64]. The whole flow field data could be provided at a reasonable 
computational cost and several sets of guidelines have been developed for RANS over the past 
15 years, which increase the confidence of practical applications [4, 59]. The family of 𝑘 − 𝜀 
turbulence models has been shown to have some deficiencies on pressure predictions under 
oblique wind directions [15, 40, 65]. In this study, the performance of the 𝑘 − 𝜔 shear stress 
transport (SST) turbulence model, which combines the advantages of both the 𝑘 − 𝜀 and 𝑘 −
𝜔 turbulence models [66, 67], will be evaluated under various wind directions. If the accuracy 
of 𝑘 − 𝜔  SST turbulence model could be proven on pressure prediction around low-rise 
buildings, this simulation method is believed to be a better alternative for building design than 
wind tunnel experiments and LES at the present stage.  
The study presented in this paper mainly focuses on the change of pressure distribution around 
buildings brought by different opening positions and wind directions of a gable roof building 
based on the assumption that fragile parts of the building have been broken in severe weather 
conditions. A boundary layer wind tunnel is used in this study in conjunction with numerical 
simulations performed with steady RANS. In this study, an isolated gable roof building is 
selected to explore the influence of opening position and wind direction on the mean pressure 
distribution around the building. Section 2 presents a detailed description of the wind tunnel 
experiments. Numerical settings are discussed in Section 3, followed by the results and 
discussions on the sensitivity analyses for turbulence models and grid resolutions in Section 4. 
In Section 5, the performance of CFD is evaluated by comparing the results with the wind 
tunnel data.  
2. EXPERIMENTAL SETUP 
The experiments were carried out in the Boundary Layer Wind Tunnel within the school of 
civil engineering at the University of Sydney. The test section of the boundary layer wind 
tunnel is 20 m long, 2.5 m wide and 2 m high. The atmospheric boundary layer was created by 
a combination of spires as shown in Fig. 3a, and grass carpets as shown in Fig. 3b. The building 
models were constructed from plywood, which was painted black to give a smooth surface, as 
shown in Fig. 3c. The models were placed on the turn-table with scales near the edge, which 
are used to record the exact rotation angle of the turn-table. Different wind attack angles could 
be achieved by rotating the turn table. The wind direction is defined as 0° when the direction 
is parallel to the roof ridge. Six directions were investigated in this study, ranging from 0° to 
75° at 15° intervals. The building models were made at a scale of 1:20 and had the dimensions 
0.25 m × 0.5 m × 0.25 m (𝑊 × 𝐿 × 𝐻)  corresponding to 5 m × 40 m × 5 m (𝑊 × 𝐿 × 𝐻) 
in full-scale. Four different models were investigated including an enclosed model, a model 
with one windward opening, a model with one windward opening and one sidewall opening, 
and a model with one windward opening and two sidewall openings, as shown in Fig. 4. The 
opening positions were selected considering the typical locations of windows and doors which 
are vulnerable to flying debris and high suction pressure. All openings are of the same size 
(0.1 m × 0.1 m). The dimensions of the model with windward opening and the locations of 
external and internal pressure taps are shown in Fig. 5. The same dimensions and pressure tap 
distributions were utilised for the other three models. The mean wind velocity and turbulence 
intensity of the approaching flow were measured with a hot-wire probe. Time averaging was 
conducted for a period of 120 s with a sampling rate of 1000 Hz. Fig. 6 shows the measured 
mean wind velocity and turbulence intensity profiles as well as fitted lines, which will be used 
as the simulation inlet conditions of this study. The aerodynamic roughness length was 
estimated to be 0.0003 (0.006 in full-scale). The reference point was selected at the model 
height ( 𝑧𝑟𝑒𝑓 = 𝐻 ), with the reference mean velocity 𝑈𝑟𝑒𝑓 = 10.7 𝑚/𝑠  and a reference 
turbulence intensity of 18%. The relative uncertainty in the measurements of mean velocity 
was around 3.5%, and mean pressures have relative uncertainties of less than 6.7% at the 
reference point[68]. The reproducibility of experimental results could be achieved within these 
uncertainty ranges. 
  
          (a)                                                          (b)                                                            ( c) 
Fig. 3. (a) Spires; (b) carpets to create boundary layer; (c) model of building with windward opening on the turntable in the 
wind tunnel 
 
 
                                                          (a)                                                                                               (b) 
 
                                                   (c)                                                                                               (d) 
Fig. 4. The building geometries in this study: (a) enclosed building, (b) building with a windward opening, (c) building with 
a windward opening and a sidewall opening, (d) building with a windward opening and two sidewall openings 
 (a)                                                                                     (b) 
Fig. 5. Pressure tap distributions for: (a) external surfaces, and (b) internal surfaces 
           
(a)                                                                                            (b)        
Fig. 6. (a) Mean velocity profile with simulation fitting line; (b) turbulence intensity profile with simulation fitting line. 
Symbols indicate experimental data and lines represent CFD profiles.    
    
3. NUMERICAL SIMULATIONS 
The computational settings and parameters are described in this section. These settings and 
parameters were used in the sensitivity analyses (turbulence models, grid resolutions) in 
Section 4. 
3.1 Computational Domain 
ANSYS FLUENT version 18 [69] was used in this study to perform the steady RANS 
computations. The building models were created according to the sizes of the models used in 
the wind tunnel tests. The dimensions of the computational domain were chosen based on the 
best practice guidelines by Franke [70] and Tominaga et al. [71]. The upstream length of the 
domain was reduced from 5H (1.25 m) to 3H (0.75 m) to decrease the stream-wise gradient 
where H (0.25 m) was the height of the building. This is a method suggested by Blocken et al. 
[27] and could be very useful for studies where the upstream characteristics are more important 
than those downstream. The resulting dimensions of the domain are 3 m × 4.5 m ×
1.5 m (𝑊 × 𝐿 × 𝐻) which corresponds to 60 m × 90 m × 30 m  in full-scale. This domain 
shape allows modelling for different wind directions in this study (0°, 15°, 30°, 45°, 60°, 75°). 
All the blockage ratios for the different cases were below 3%. A combination of tetrahedral, 
hexahedral and prism solid elements was used to create the mesh. Tetrahedral and hexahedral 
elements are used near the building and away from the building respectively, and additional 
prism elements are imposed near solid boundaries to capture boundary layers as presented in 
Fig. 7(a, b). 
    
(a)                                                                             (b) 
Fig. 7. Computational grid: (a) grid on the ground and building surfaces, (b) grid detail near building corner 
3.2 Boundary Conditions  
The velocity and turbulence intensity of the incoming flow were imposed based on wind tunnel 
measurements at the inlet of the domain. The inlet velocity profile was determined according 
to Equation (1): 
𝑈(𝑧) =
𝑢𝐴𝐵𝐿
∗
𝜅
𝑙𝑛 (
𝑧 + 𝑧0
𝑧0
)                                                                                                                  (1)    
where 𝑢𝐴𝐵𝐿
∗  (= 0.64 m/s) is the aerodynamic boundary layer (ABL) friction velocity which can 
be calculated from the velocity (10.7 m/s) and height (0.25 m) of the reference point from the 
experiment, 𝜅 is von Karman constant (0.4), 𝑧 is the height coordinate and 𝑧0 (0.0003) is the 
aerodynamic roughness length which is the same as the wind tunnel experiments. The 
turbulence kinetic energy can be calculated by the measured turbulence intensity and the mean 
wind velocity at the inlet using Equation (2): 
𝑘(𝑧) =
σu
2(z) + σv
2(z) + σw
2 (z)
2
= 𝑎(𝐼𝑢(𝑧)𝑢(𝑧))
2                                                                         (2) 
In the equation above, 𝜎𝑢, 𝜎𝑣 and 𝜎𝑤 are velocity fluctuations in three directions, and 𝑎 is a 
parameter equal to 0.5, 1 or 1.5 where different values have been applied in previous studies 
[15, 61, 62]. The value 𝑎 = 1 was selected based on the assumption of 𝜎𝑢
2(𝑧) = 𝜎𝑣
2(𝑧) +
𝜎𝑤
2 (𝑧) and will be used in this study [4, 71]. 𝐼𝑢(𝑧) is the turbulence intensity value as shown in 
Fig. 4(b) fitted from the measured data from wind tunnel experiments, and 𝑢(𝑧) is the average 
inlet velocity. The turbulence dissipation rate is given in Equation (3) and the specific 
dissipation rate in Equation (4), where 𝐶𝜇 is an empirical constant taken as 0.09. 
𝜀(𝑧) =
𝑢𝐴𝐵𝐿
∗3
𝜅(𝑧 + 𝑧0)
                                                                                                                                   (3) 
𝜔(𝑧) =
𝜀(𝑧)
𝐶𝜇𝑘(𝑧)
                                                                                                                                       (4) 
For the ground surface, the relationship between sand-grain roughness height 𝑘𝑠 and roughness 
constant 𝐶𝑠  could be determined using Equation (5) according to their relationship with 
aerodynamic roughness length 𝑧0: 
𝑘𝑆,𝐴𝐵𝐿 =
9.793𝑧0
𝐶𝑠
                                                                                                                                   (5) 
The values selected here are 𝑘𝑆,𝐴𝐵𝐿 = 0.0029 and𝐶𝑠 = 1. For building surfaces, the roughness 
height and roughness constant were taken as 0 and 0.5, respectively. Symmetry boundary 
conditions were imposed on the sides and top of the domain with zero normal velocity and zero 
gradients for all the variables. The outlet of the domain was imposed with zero static pressure. 
Fig. 8 shows a check of horizontal homogeneity with 𝑘 − 𝜔 SST turbulence model in an empty 
domain. It compares the mean velocity and the turbulence intensity at the inlet with incident 
profile at the location where building models will be placed in the following simulation tests. 
A good coincidence could be observed on mean velocity from Fig. 8 (a). The difference of 
turbulence intensity between inlet flow and incident flow is significant near the ground. It 
proves that stream wise gradients exist in the near-ground area. But the height with large 
turbulence intensity deviation is limited and horizontal homogeneity can be achieved in the 
most regions of domain. 
  
      (a)                                                                                               (b)               
Fig. 8 Comparison of inlet and incident profiles on: (a) mean velocity, and (b) turbulence intensity in the cross-section of an 
empty domain. The building shapes in these figures only indicate the position where the building models will be placed in 
the following simulation tests.  
3.3 CFD Simulations: Solver Setting 
The 3D steady RANS equations are solved in combination with the 𝑘 − 𝜔 SST turbulence 
model. The SIMPLE algorithm is used for pressure-velocity coupling. The pressure 
interpolation is of the second order and all the other transport equations are discretised by a 
second-order upwind scheme. Convergence is obtained when the scaled residuals level off and 
reach a minimum of 10−5 for all dependent variables. All computer simulations are conducted 
at Sydney University in Australia with four processors (Intel(R) Core(TM) i5-6500T CPU @ 2.50 
GHz) and 8 GB installed memory. Each simulation requires approximately one hour to 
convergence. 
4. SENSITIVITY ANALYSES 
In this section, sensitivity analyses for turbulence models and grid resolutions are conducted 
on the building with a windward opening, which was used as the reference configuration. The 
selected turbulence model and grid resolution were then used for comparison of the results 
between CFD and wind tunnel tests in Section 5. 
4.1 Turbulence Model Sensitivity Analysis 
Three-dimensional steady RANS simulations were conducted to study the influence of four 
different turbulence models, namely: (1) realisable 𝑘 − 𝜀 model, (2) standard 𝑘 − 𝜀 model, (3) 
standard 𝑘 − 𝜔 model, and (4) 𝑘 − 𝜔 SST model. The model with a windward opening was 
taken as the reference case in the performance assessment of these four turbulence models. The 
inlet profiles of 𝑘  and 𝜀  were determined from Equation (2) and Equation (3) for 𝑘 − 𝜀 
turbulence models, and Equation (4) was used to determine the profile of 𝜔 for the 𝑘 − 𝜔 
turbulence models. The grid height of the first layer near walls was set as 2 × 10−5 m for the 
𝑘 − 𝜔 models, and 0.01 m for the 𝑘 − 𝜀 models. Two different first grid heights were applied 
considering that 𝑘 − 𝜔 models are aimed at resolving the inner layer near the wall but wall 
functions could be used to bridge the gap between the wall and the outer region of boundary 
layer for the 𝑘 − 𝜀 models [72]. The differences of mesh resolution near the wall are displayed 
in Fig. 9, where the different near-wall mesh treatments for 𝑘 − 𝜀 models and 𝑘 − 𝜔 models 
could be found from the left to the right, and 𝑧𝑃 is the distance from the wall to the adjacent 
layer. The dimensionless wall distance 𝑧+ that is defined in Equation (6), was introduced to 
evaluate the grid resolution near the wall: 
𝑧+ =
𝑢𝜏𝑧𝑃
𝜈
                                                                                                                                               (6) 
where 𝑢𝜏  is the friction velocity based on wall shear stress and air density, and 𝜈  is the 
kinematic viscosity. As a result, an average 𝑧+ of 0.25 on the model surface was achieved for 
the 𝑘 − 𝜔 models and 66.3 for the 𝑘 − 𝜀 models, indicating desirable near-wall grid treatment 
for these two turbulence models. The 𝑧+ values were confirmed to be almost the same in the 
other cases with different opening locations and under different wind directions. 
 
Fig. 9. Schematic representation of near-wall mesh for k-ε and k-ω models 
The comparison results are shown in Fig. 10. The x-axis represents the length of the model 
along the mid-axis (from A to D) and the y-axis is the pressure coefficient, which is defined in 
Equation (7): 
𝐶𝑝 =
𝑃 − 𝑃0
0.5𝜌𝑈𝑟𝑒𝑓
2                                                                                                                                         (7) 
where 𝑃 is the static pressure on the model surface, 𝑃0 is the static pressure measured at the 
reference point, 𝜌 is the air density (1.225 kg/m3), and 𝑈𝑟𝑒𝑓 is the reference wind velocity 
(10.7 m/s). The position of the reference point in numerical simulation is the same as the wind 
tunnel test. The schematic diagrams of streamline along the longitudinal plane are shown in                                          
(c)                                                                                             (d) 
Fig. 11 by different turbulence models. The flow separation and flow reattachment can be better 
captured and observed by 𝑘 − 𝜔 SST model as shown in                                          (c)                                                                                             
(d) 
Fig. 11(a). The differences between different turbulence models and the experimental results are 
distinct around the flow stagnation point which has the highest positive pressure (line B). The 
flow separation area which has the highest suction pressure (the front part of line C) also found 
some variation between different turbulence models. Both standard 𝑘 − 𝜀 and realisable 𝑘 − 𝜀 
models tend to overestimate the suction pressure significantly. The pressure overestimation in 
the flow separation region is a well-known drawback of the 𝑘 − 𝜀 model and has been pointed 
out in previous studies [30, 73]. In contrast, the 𝑘 − 𝜔 model has a better performance and the 
𝑘 − 𝜔 SST provides the most well matched results with the tests data compared to the other 
three methods based on the grid size and grid topology used in this study, regardless of 
overestimation at the near flow stagnation area (line B). The distributions of dimensionless 
turbulence kinetic energy 𝑘/𝑈𝑟𝑒𝑓
2  along the mid-planes of buildings are displayed in Fig. 12 (𝑘 
is turbulence kinetic energy and 𝑈𝑟𝑒𝑓 is the reference velocity). The inaccuracies of the 𝑘 − 𝜀 
model on pressure prediction is due to the overproduction of turbulence kinetic energy at 
stagnation points and the flow separation zones compared to 𝑘 − 𝜔 SST as shown in Fig. 12(a, 
b, d). This is an inherent drawback of the 𝑘 − 𝜀 model that has been previously reported [42, 
73, 74]. Overestimation of the standard 𝑘 − 𝜔  model in the prediction of turbulence kinetic 
energy as presented Fig. 12(c), also leads to inaccuracy in pressure prediction, which might be 
attributed to the strong sensitivity to inlet free stream conditions of this turbulence model [75, 
76]. Therefore, the 𝑘 − 𝜔 SST model has been selected to use as the turbulence model in the 
results presented hereafter. 
 
 Fig. 10. Comparison of pressure coefficient between measured values and results from different turbulence models 
 
                                         (a)                                                                                             (b) 
                   
                                         (c)                                                                                             (d) 
Fig. 11. Schematic diagrams of flow streamline over a gable roof building for: (a) k-ω SST (b) standard k-ω (c) standard k-ε 
(d) realisable k-ε 
        
                                 (a)                                                                                    (b) 
         
                                                            (c)                                                                                     (d)  
Fig. 12. Dimensionless mean turbulence kinetic energy distributions for: (a) k-ω SST (b) standard k-ω (c) standard k-ε (d) 
realisable k-ε 
4.2 Grid Sensitivity Analysis 
Grid sensitivity analysis was performed on three grid configurations to investigate the mesh 
dependency of the results from CFD. The coarse grid had approximately 428,000 cells, the 
basic grid had 784,000 cells, and the fine grid had 1,347,000 cells. These grids are shown in 
Fig. 13. The coarse and fine grids were developed by coarsening and refining the basic mesh 
size with a factor √2. In addition, 𝑘 − 𝜔 SST was used in this study with a first grid height of 
2 × 10−5 𝑚. The results of pressure coefficients on these three grids are compared with the 
experimental data as shown in Fig. 14. The average absolute deviation is 0.072, 0.073 and 
0.075 between the CFD results and the experimental results for fine, basic and coarse grids 
respectively, indicating a good match with the wind tunnel results for all three grids. A small 
deviation among these three grids could be observed on the middle part of the roof ridge and a 
negligible difference could be found on the other parts. Therefore, the dependence of 
simulation results is very limited on grid resolution and the basic grid will be applied for further 
analysis. 
   
   
Fig. 13. Computational grids for grid-sensitivity analysis: (a, d) fine grid; (b, e) basic grid; (c, f) coarse grid 
 
Fig. 14. Comparison of pressure coefficient between different grid resolutions 
 
5. RESULTS 
The influence of opening position of and wind direction on pressure distribution on buildings 
are the two main outcomes presented in this section. In Section 5.1, results from the simulation, 
experiment and AS/NZS 1170.2:2011 are compared for buildings with different opening 
configurations under a wind direction 0°. Section 5.2 and Section 5.3 only compare the results 
from the simulation and experiment due to the lack of wind direction variations in AS/NZS 
1170.2:2011. The results of these sections can be used to supplement the relative provisions in 
AS/NZS 1170.2:2011. 
5.1 Opening Position 
In Fig. 15, numerical results obtained from the 𝑘 − 𝜔 SST turbulence model, measured values 
from the wind tunnel tests, and calculated results from AS/NZS 1170.2:2011 provisions are 
compared for an enclosed building, a building with one openings, a building with two openings, 
and a building with three openings. Considering there is no corresponding provision for 
external pressure coefficients of buildings with openings, the calculation results for enclosed 
buildings, which are regarded as the closest case in the standard, are used as a comparison to 
evaluate the applicability of this standard for the design of external pressure coefficients under 
these four cases. Generally, simulation results show good agreement with the experimental 
results especially on flow separation parts. Except for some overestimation in line B, CFD has 
considerably good performance for the other parts. The absolute value of the highest positive 
pressure in line B and lowest negative pressure in the front part of line C also have a slight 
increase and decrease respectively with the advent of windward opening and sidewall opening. 
Generally, the differences of external pressure coefficients between these four cases are not 
significant. However, the net pressures can be entirely different if the internal pressures are 
taken into consideration. The positions of openings have a large influence on internal pressures 
as presented in Table 1, where the positive sign represents the wind direction acting towards 
internal surfaces. The experimental internal pressure coefficients are taken as the average 
values from internal pressure taps in Fig. 5(b). The corresponding positions of internal pressure 
taps are also taken from simulation, and the average values are calculated as for the simulation 
results. When airflow approaches a building, it will either go around or over the building as 
shown in Fig. 16(a, b, c, d), which displays the schematics of flow patterns around buildings 
with various opening configurations. With the introduction of openings, the roof undergoes 
higher net pressure due to the combined action of external and internal pressures, as presented 
in Fig. 16(e). This combined effect can be very critical, especially on the flow separation areas 
of the roof, where the external suction pressures are considerably high. The net pressure 
coefficient distributions along the roof ridges for cases (a), (b), (c) and (d) as defined in Table 
1, are presented in Fig. 17. A dramatic increment in the net pressure coefficient can be observed 
with the advent of the windward opening, indicating a high degree of contribution from the 
internal pressure. However, the net pressure on the roof reduces significantly with openings on 
the sidewall as the internally built-up pressure can get released through the additional openings, 
as shown in Fig. 16(c, d). This means that a building with a windward opening only can be 
considered as an adverse scenario that can cause highest net pressures on the roof which can 
be critical in high wind conditions [77].  
(a)                                                                                                (b)
  
(c)                                                                                                (d) 
Fig. 15. Pressure coefficient comparison between results from simulation, wind tunnel test and AS/NZS 1170.2:2011 for: (a) 
enclosed building, (b) building with a windward opening, (c) building with a windward opening and a sidewall opening, (d) 
building with a windward opening and two sidewall openings 
 
Table 1. Mean internal pressure coefficients from simulations and wind tunnel tests  
 Enclosed 
building 
(a) 
Building with a 
windward opening 
(b) 
Building with a windward 
opening and a sidewall opening 
(c) 
Building with a windward 
opening and two sidewall 
openings (d) 
Simulation 0 0.70 0.31 0.15 
Experimental 0 0.74 0.30 0.11 
 
 
 
Fig. 16. The schematics of flow patterns around: (a) enclosed building, (b) building with a windward opening, (c) building 
with a windward opening and a sidewall opening, (d) building with a windward opening and two sidewall openings, and (e) 
the external and internal pressure acting on the roof 
 Fig. 17. Net pressure coefficient distributions along the roof ridges for: (a) enclosed building, (b) building with windward 
opening, (c) building with a windward opening and a sidewall opening, (d) building with a windward opening and two sidewall 
openings 
A relatively higher deviation between the calculated results from AS/NZS 1170.2:2011 and the 
experimental results could be observed in all three cases. A constant pressure coefficient on 
the windward wall is suggested by the standard, which means the high positive pressure around 
the stagnation point is not taken into consideration. As for the high suction pressure caused by 
flow separation near the roof edge, the results from the standard also underestimate it 
significantly but are relatively conservative on the latter part of the roof ridge. This 
underestimation can cause localised failure of the structural elements or connections during 
relatively high wind conditions. Mehta [2] attributed windstorm-induced damage to buildings 
to one or more of the following reasons: (1) higher speed in a windstorm than the design wind 
speed, causing loads beyond the normal factor of safety in the design; (2) deficiencies of design 
or construction of a building; (3) possible deficiencies in the standard or code, leading to 
inadequate designs; and (4) a lack of understanding of wind-induced forces, leading to under-
design of buildings. In this case, it is apparent that reason (4) results in reason (3), and the 
ignorance of stagnation point and flow separation causes underestimation of the pressure 
coefficient in AS/NZS 1170.2:2011. Therefore, based on the comparison results above, some 
adjustments are believed necessary on the external pressure coefficients for related provisions 
in AS/NZS 1170.2:2011. 
When the wind direction is perpendicular to the contact surface, the wind flow will separate 
into an upstream and a downstream at the stagnation point as shown in                                          (c)                                                                                             
(d) 
Fig. 11(a). At this point, the local velocity is zero and static pressure reaches the maximum. In 
Fig. 15, the locations of the stagnation points are found to be located always closer to 0.68H 
from the experimental data, where H is the height of the building. Fig. 18 shows the 
distributions of pressure coefficient on windward surfaces with different opening locations. 
The relatively high negative pressure zones around the stagnation points could be seen clearly 
in this figure. The distances from the stagnation point to the ground are 0.65H, 0.67H, 0.7H 
and 0.7H, respectively, for the four cases. The positions of the stagnation points show a 
reasonable consistency with previous studies for flat-roof models, specifically, 0.7H from Kim 
et al. [78] and 0.65H from Akon and Kopp [25], indicating the small influence from these two 
different roof shapes on the position of the stagnation point. In addition to this, the appearance 
of openings on the windward wall and side-wall is also observed to have a slight raising effect 
on the pressure value of the stagnation point and the height of the stagnation point from the 
numerical results. But these differences are very small and almost negligible among the four 
cases from the experimental results.        
          
  
Fig. 18. The positions of the stagnation points on the windward wall for: (a) enclosed building, (b) building with a windward 
opening, (c) building with a windward opening and a sidewall opening, (d) building with a windward opening and two 
sidewall openings 
5.2 Pressure on the Roof 
In this part, both the mean external pressure coefficients on the roof and mean internal pressure 
coefficients of the model with windward opening are tested under six different wind directions 
(0°, 15°, 30°, 45°, 60°, 75°). When the wind direction is oblique to the windward wall of the 
gable roof building, high suction pressure always happens near the leading edges and roof ridge 
due to roof corner vortex and flow separation. Fig. 19 shows the pressure distribution contours 
of the roof under six different wind directions, where the blue areas represent the high suction 
pressures. More visualised pressure changes are provided in this figure with the change of wind 
directions. It is found that all the high suction areas in the roof are near the leading edges of the 
windward wall (AB). Results from the simulations and experiments on the pressure coefficient 
along the leading edges of the windward wall (AB) and roof ridge (CD) are compared and 
presented in Fig. 20. When the wind direction changes from perpendicular to an oblique angle 
of 15°, suction begins to emerge on the upwind roof corner near the windward wall. When this 
angle increases to 30°, the suction pressure coefficient brought by the corner vortex reaches a 
peak of -1.8 on the upwind roof from the experimental results, and the vortex core also moves 
a bit from the upwind roof corner to the roof ridge. The magnitude of the negative pressure is 
less outstanding in the direction of 45°. Among these six wind directions, the magnitude of 
suction pressure coefficient rises to a maximum of -2.4 under the wind direction 60°, and it is 
obvious there is a shift of corner vortex core from the upwind roof to downwind roof. The 
magnitude of negative pressure decreases down to a minimum in wind direction 75°. In terms 
of pressure near the roof ridge, it could be seen that the high suction pressures occur on the 
downwind roofs when the wind directions are 30° and 45°, in which the highest suction 
pressure coefficients are around -1.5 located a little bit farther from the leading edge of the 
windward wall. The highest negative pressure value of -2.4 is observed with the wind direction 
60°, very close to windward for this specific model configuration. As for the other three wind 
directions (0°, 15° and 75°), the magnitudes of the maximum suction pressure coefficients are 
relatively less significant and are all around -1 for these three cases. The lack of wind direction 
variation specified in AS/NZS 1170.2:2011 can possibly lead to underestimation of potential 
damage to a structure in the design stage. If these high localised wind pressures are not taken 
into consideration adequately, connection or component failures can easily occur, which might 
further trigger the loss of a portion or the entire roof [2]. Appropriate attention to these high 
wind pressures is essential to significantly reduce wind-induced damage in building design. 
The experimental internal pressure coefficient is taken as the average of values measured from 
the internal pressure taps shown in Fig. 5. The same positions of points corresponding to the 
internal pressure taps are selected from the simulation models and the average internal pressure 
coefficients are compared with the experimental results in Fig. 21. Generally, the simulation 
results match well with the experimental data and the pressure coefficients tend to decrease 
with the increase of the angle of wind direction. Noticeably, the internal pressure coefficient 
shifts from a positive value to a negative value when the wind direction changes from 60° to 
75°, indicating the inversion of pressure direction from towards the internal surface to away 
from the internal surface. The wind direction has proven to have a significant influence on both 
the value and the direction of internal pressure and should be taken into consideration in the 
standards to give a more comprehensive provision of the internal pressure coefficient. 
In summary, 30° is regarded as a critical wind direction for the leading edge of the upwind roof, 
with the highest suction pressure coefficient of -1.8 and attention should be paid to the leading 
edge of the downwind roof and roof ridge when the wind direction is 60°, with a maximum 
negative pressure coefficient of -2.4 for the given building. Simulation results with the 𝑘 − 𝜔 
SST turbulence model could reflect the tendency of wind tunnel data accurately in most areas. 
However, the suction pressure brought by the corner vortices when the wind directions are 15° 
and 30° are still underestimated, which is believed to relate to the natural deficiency of steady 
state turbulence modelling where the vortices on the roof cannot be reproduced accurately. The 
internal mean pressure coefficients are also found to have a good match with the experimental 
results, and there is a shift of pressure direction from towards the internal surface to away from 
the internal surface when the wind direction changes from 60° to 75°. 
 
 
 
 
 
 
   
  
Fig. 19. Pressure contours on the roof for the building with a windward opening under different wind directions: (a) 0°, (b) 
15°, (c) 30°, (d) 45°, (e) 60°, (f) 75° 
 
 
  
                        (a)                                                                                          (b) 
  
                         (c)                                                                                            (d) 
  
                         (e)                                                                                             (f) 
Fig. 20. Pressure coefficient comparison along roof leading edge and roof ridge between results from the simulation and 
wind tunnel test for a building with a windward opening under different wind directions: (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 
60°, (f) 75°, 
 Fig. 21. Mean internal pressure coefficient comparison between simulation results and experimental values 
 
5.3 Pressure on the Windward Wall, Leeward Wall and Sidewalls 
The pressure coefficient distributions from the simulations and experiments along the mid-
lines on the windward wall (A and B) and leeward wall (C) are displayed in Fig. 22, where the 
x-axis denotes the length along the mid-line and y-axis denotes the pressure coefficient. The 
pressure comparisons along the horizontal mid-lines on the left sidewall and the right sidewall 
are displayed in Fig. 23. Generally, a good match could be found between the simulation results 
and the experimental data. In Fig. 22, there is a clear rising tendency on the magnitude of 
pressure coefficient along the mid-axis (line C) on the leeward wall with the increase of wind 
attack angle. The wind pressures in the 75° wind direction are more than three times that of the 
perpendicular wind (Fig. 22(a, f)).  
An assumption of constant pressure for all wind attack angles can result in insufficient building 
design. For the pressure distributions on the windward wall, there are significant drops on mid-
lines with larger oblique angles. But the mid-lines on the windward wall cannot be regarded as 
good representations of pressure distributions under different wind directions as seen in Fig. 
19, where the high pressures begin to move from the stagnation area to the left side edge from 
(a) to (c). For pressure distributions on the sidewalls in Fig. 23, there is a shift in pressure from 
suction to positive pressures on the left sidewall with the increasing wind attack angle. 
However, negative pressures always exist on the right sidewall and reach a maximum mean 
pressure coefficient of -0.56 under wind direction 30°. Apparent changes of mean pressure 
coefficient could be observed on these four walls (windward wall, leeward wall, left sidewall 
and right sidewall) under different wind directions. However, either the peak positive pressure 
coefficient (0.8) or the peak negative pressure coefficient (-0.72) in this section is less 
significant compared with the high suction pressures brought by roof corner vortices in Section 
5.2, indicating the vulnerability of roof structures and the significance of proper roof design to 
maintain structural integrity under high winds [2, 79]. 
 
 
 
 
 
 
 
 
 
 
 
 
 (a)                                                                                            (b) 
 
(c)                                                                                            (d) 
 
                (e)                                                                                              (f) 
Fig. 22. Pressure coefficient comparisons along vertical mid-lines of the windward wall and leeward wall between results 
from simulations and wind tunnel tests for a building with a windward opening under different wind directions: (a) 0°, (b) 
15°, (c) 30°, (d) 45°, (e) 60°, (f) 75° 
 
 
 
  
(a)                                                                                            (b) 
  
(c)                                                                                            (d) 
  
                (e)                                                                                              (f) 
Fig. 23. Pressure coefficient comparisons along horizontal mid-lines of the sidewalls between results from simulations and 
wind tunnel tests for a building with a windward opening under different wind directions: (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 
60°, (f) 75° 
 
 
6. SUMMARY AND CONCLUSIONS 
In this study, the pressure distributions around isolated gable roof buildings with different 
opening configurations, specifically, an enclosed building, a building with a windward opening, 
a building with a windward opening and a sidewall opening, and a building with a windward 
opening and two sidewall openings, were investigated by means of wind tunnel experiments 
and steady state RANS CFD simulations. Then both external pressure and internal pressure 
were studied for a selected building with a windward opening based on the same approaches 
under six wind directions to the windward wall, namely, 0°, 15°, 30°, 45°, 60° and 75°. The 
following aspects were revealed: 
• By means of sensitivity analysis for turbulence models, 𝑘 − 𝜔 SST was found to have the 
best overall performance for pressure prediction around buildings over the other three 
turbulence models based on the grid size and grid topology used in this study, especially on 
flow separation areas. The 𝑘 − 𝜀 turbulence models tend to overestimate the negative pressure 
in flow separation zones. Further, all the turbulence models in this study overestimate the high 
positive pressure around the stagnation point. 
• Little difference can be found in external pressure coefficient comparisons along the mid-axis 
between different opening configurations (no opening, one windward opening, one windward 
opening with sidewall opening, and one windward opening with two sidewall openings). But 
the internal pressure varies significantly with different opening locations. The highest net 
pressure is observed on the roof when there is only a dominant opening in the middle of the 
windward wall. This adverse scenario can cause high net pressure development on the roof, 
which is very critical in high wind conditions. Provisions in AS/NZS 1170.2:2011 
underestimate the magnitudes of external pressure coefficients around the stagnation point on 
a windward wall and the high negative pressure coefficient in flow separation areas. 
• The positions of stagnation points are found to be 0.68H from the experimental results. From 
the simulation results, the stagnation points are found to be 0.65H, 0.67H, 0.7H and 0.7H, 
respectively for the four cases. These results are close to previous studies (0.65H, 0.7H) for flat 
roof buildings, indicating the little influence from both these three opening configurations and 
these two different roof shapes.  
• By the study of pressure distribution on the roof of a building with windward opening under 
six wind directions, the vortex core on the leading edge near the windward wall moves from 
the upwind roof corner (15°) along the leading edge (30°) until the downwind roof (60°) with 
the increase of wind direction. It is suggested additional attention focused on wind directions 
30° and 60°, where the suction pressures reach the peak respectively near the leading edge and 
roof ridge. Obvious changes in pressure distributions could also be found on the windward wall, 
leeward wall and sidewalls under various wind directions. But either the peak suction pressures 
or the positive pressures are less outstanding compared to the high suction pressures on the 
roof brought by the corner vortices. The lack of provisions in AS 1170.2 on the wind direction 
might cause under-designs, especially on the roof. 
• The mean internal pressure coefficients were also found to decrease with the increase of wind 
direction angles, which shifted from positive values to negative values when the wind 
directions change from 60° to 75°, indicating the inversion of pressure direction from towards 
the internal surface to away from the internal surface. 
• Generally, both the external and internal pressure coefficients are well-predicted by the steady 
state RANS CFD with the 𝑘 − 𝜔 SST turbulence model. The capacity and reliability of this 
steady state turbulence model on pressure coefficient prediction under different wind directions 
is proven in this study. This method is believed to be a desirable alternative to wind tunnel 
experiments in building design and can make significant improvements and supplements on 
national wind standard.  
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4. Study on Gable Roof Buildings Having Different Roof Pitches 
by Wind Tunnel Test, RANS and LES 
This chapter is composed of a paper titled with ‘Study on localised wind pressure development 
in gable roof buildings having different roof pitches with experiments, RANS and LES 
simulation models’ published in Building and Environment. In chapter 3, the performance of 
steady RANS was proved to be satisfactory in the pressure prediction of buildings with various 
opening scenarios compared to experimental results. Although the simulation results are 
regarded as acceptable in predicting pressures on the roof under oblique wind directions, 
deviations are observed between simulation and experiment. This phenomenon drew authors’ 
attention because the turbulence level might vary a lot with different building geometries, such 
as a higher or a lower roof pitch. Whether steady RANS can acquire decent accuracy is needed 
to be verified, especially when the turbulence level on the roof is even higher than that in 
chapter 3. Therefore, two more roof pitch variations are added in this chapter to study how roof 
pitches affect the pressure distribution on the roof under oblique wind directions. The 
performances of steady RANS and LES are evaluated by comparing to results measured from 
wind tunnel tests. The aim of this chapter is to figure out the relation between roof pitch and 
high suction pressure on the roof brought by corner vortices, which is meaningful to avoid the 
extreme suction pressure in building design stage. The comparisons between RANS and LES 
can give some suggestions in the selection of simulation methods facing different flow 
problems. 
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ABSTRACT 
In this study, the influence of different roof pitches on the mean pressure distributions around 
isolated buildings subject to different wind directions were investigated with wind tunnel tests, 
3D steady Reynolds-averaged Navier-Stokes (RANS) simulation and large eddy simulation 
(LES). Wind tunnel experiments were conducted to obtain mean pressure distributions around 
buildings having three commonly used roof pitches, namely, 1:5, 2:5 and 3:5. The critical high 
suction areas created by conical vortices were identified, and the influence of roof pitch on 
these critical areas with high localised pressures was investigated under various wind directions. 
In addition, computational fluid dynamics (CFD) analysis was performed, and the performance 
of RANS and LES were evaluated and compared with the results measured from the wind 
tunnel tests by considering both the accuracy of results and computational cost. The assessment 
on RANS and LES was used to determine the best guidelines for the flow problems involved 
in this study.  
Results from the RANS show good agreement with the experimental results on pressure 
distribution when the building is subject to perpendicular wind directions. However, a 
significant improvement was found using LES over RANS in the prediction of near-building 
flow field and localised pressure under oblique wind directions but with an increased 
computational cost by a factor of more than 80. Furthermore, the high suction pressures are 
observed to be more critical on buildings with a lower roof pitch under both perpendicular and 
oblique wind directions. This indicates that a low roof pitch should be applied with caution 
especially in windstorm-prone areas. 
Keywords: Gable roof structures, wind tunnel study, computational fluid dynamics (CFD),    
steady RANS, large eddy simulation 
1. INTRODUCTION 
Wind is one of the most critical factors that needs to be considered in the design of a building. 
When wind approaches a building, the localised pressure on the building’s surfaces can be 
affected by many parameters such as building geometry and wind direction. This is especially 
critical for low-rise buildings such as canopy-roofed warehouses. As wind loadings are 
originally due to the obstruction effect from a building, it will vary significantly with different 
building geometries. Wind direction can also bring remarkable variations on pressure 
distribution around a building, especially under oblique wind attack angles where conical 
vortices can easily occur. The large suctions caused by conical vortices can cause severe 
damages to roofs and should be given sufficient attention during building design. Among the 
different factors related to building geometries, the roof pitch is a well-known parameter that 
can significantly influence the flow pattern around a building. The pressure distribution around 
a building with different roof pitches has been extensively investigated over the last several 
decades [1-3]. Hoxey et al. [4] investigated gable roof models with roof angles of 14° and 26°, 
and summarised that the pressure changes brought by building geometries were not reflected 
in current wind loading design codes. Xu and Reardon [5] tested three hipped roof models with 
15°, 20° and 30° roof angles and found that the 30° hip roof model experienced the highest 
suction at the roof corner. Prasad et al. [6] conducted a more comprehensive study and took 
gable, hipped and flat roof buildings into consideration. A critical roof angle of 45° was found 
for gable and hipped roof buildings that had the best performance, and the peak suction 
pressures on the roof were also reduced by 85% and 91%, respectively, compared to a flat roof 
building. The conical vortices were not included because only perpendicular wind directions 
were considered in these studies. Due to the high suction pressures brought by conical vortices 
under oblique wind directions, pressure distributions, especially on the roof, can be very 
complicated and even more critical than under perpendicular wind directions. There was a large 
number of investigations related to conical vortices on different building geometries such as a 
flat roof building [7], curved roof building [8], and saddle roof building [9]. The motion of 
corner vortices has been proved to be closely related to the wind direction as well as the 
geometry of the building model.  Based on these abundant previous studies, it is found that the 
influence from the roof pitch on the wind flow and pressure distribution around low-rise 
buildings under both perpendicular and oblique wind directions has rarely been explored [10]. 
Most of the studies on roof pitch are limited to perpendicular wind directions. It is necessary 
to conduct more comprehensive studies and identify the critical areas, especially the high 
suction, caused by conical vortices on building roofs with different roof pitches, which is also 
of great importance to ensure safe building design [11]. 
In addition, wind tunnel tests were used in these studies to determine the pressure coefficient. 
With the rapid development of CFD (computational fluid dynamics) over the last few decades, 
numerical results from CFD are gaining increasing attention and acceptance from researchers. 
Typically,  Reynolds-averaged Navier-Stokes (RANS) simulation has been the most widely 
used method, mainly because of its reasonable computational cost and well-developed best 
practice guidelines [12]. This approach has wide applications on the study of flow 
characteristics around low-rise buildings, with a satisfactory degree of accuracy in more recent 
studies [13-15]. However, the disadvantages of RANS simulations still cannot be neglected, 
especially on the modelling of complex flow and the unsteadiness of flow structures compared 
to large eddy simulation (LES) [12, 16]. The large eddies, which contain most of the turbulent 
energy, can be directly computed by LES but can only be modelled using turbulence models 
in RANS [17]. Therefore, LES is theoretically a better numerical tool for the modelling of 
turbulent and transitional flows than RANS. Some previous studies have assessed the different 
performances from RANS and LES on transitional flow problems. Tamura et al. [18]  
suggested use of 𝑘 − 𝜀  model for complex flows around a low-rise building and LES for 
unsteady problems. Tominaga and Stathopoulos [19] evaluated the performance of LES and 
RANS on the dispersion problem around an isolated cubic building, and found that LES could 
always give better results than RANS on the distribution of concentration. Van Hooff et al. [20] 
presented a validation of cross-ventilation flow through a generic enclosure with five different 
RANS turbulence models and LES. It was concluded that the transient feature could be better 
captured by LES, resulting in a better reproduction of all the measured parameters, including 
velocity, turbulent kinetic energy and volume flow rate. Generally, LES could provide better 
results than RANS on transient flow problems but with considerably higher computational cost. 
However, the number of this type of publication which includes both RANS and LES is very 
limited. Especially for buildings under oblique wind directions, a transient flow problem with 
high turbulence, there are few related investigations on the difference in performance between 
RANS and LES. Although literatures could be widely found on this topic, the research methods 
are always limited to a single simulation method, or only experimental study [10, 21, 22]. The 
different performances of RANS and LES have never been compared and validated by 
experimental data in pressure prediction when the buildings are under oblique wind attack 
angles. The relative study is meaningful to determine a suitable CFD approach for this flow 
problem, especially considering that some discrepancies from RANS simulation results have 
been found with the wind-tunnel measurements in previous investigations [23, 24].  
The study presented in this paper mainly focuses on the change of pressure distribution around 
buildings brought by different roof angles, especially high suction on the roof under oblique 
wind directions. A boundary layer wind tunnel is used in this study in conjunction with 
numerical simulations performed with steady RANS and LES. In this study, three gable roof 
models with three different roof pitches, namely, 1:5, 2:5 and 3:5, are selected to explore the 
influence of roof pitch and wind direction on the mean pressure distribution around the building. 
Section 2 presents a detailed description of the wind tunnel experiments. Numerical settings 
are discussed in Section 3, followed by the results and discussions on the sensitivity analyses 
for grid resolutions and the lengths of sampling time in Section 4. In Section 5, simulation 
results will be compared and validated with experimental results from wind tunnel tests. 
2. EXPERIMENTAL SETUP 
The experiments were carried out in the Boundary Layer Wind Tunnel within the school of 
civil engineering at the University of Sydney. The test section of the boundary layer wind 
tunnel is 20 m long, 2.5 m wide and 2 m high. The atmospheric boundary layer was created by 
a combination of spires as shown in Fig. 3(a), and grass carpets as shown in Fig. 3(b). Fig. 5 
shows the building models with roof pitches of 1:5, 2:5 and 3:5, respectively. The models were 
constructed from plywood with smooth surfaces. They were placed on the turn-table with 
scales near the edge, which are used to record the exact rotation angle of the turn-table. 
Different wind attack angles could be achieved by rotating the turn-table. The wind direction 
is defined as 0° when the direction is parallel to the roof ridge and 90° when the direction is 
perpendicular to the roof ridge, as shown in Fig. 4. Seven directions were investigated in this 
study, ranging from 0° to 90° at 15° intervals. The building models were made at a scale of 
1:20 and the height of the eave 𝐻 was kept constant for all the models. The scaled-down models 
had the dimensions 0.25 m × 0.5 m × 0.2 m (𝑊 × 𝐿 × 𝐻)  corresponding to 5 m × 10 m ×
4 m (𝑊 × 𝐿 × 𝐻) in full-scale as shown in Fig. 4. The total heights of the building models 
were  0.225 m , 0.250 m  and  0.275 m , respectively, for roof pitches  1: 5 , 2: 5   and  3: 5 , 
corresponding to the heights of 4.5 m, 5.0 m and 5.5 m in full-scale.  A total of 90 pressure 
taps were used on the external surfaces, and the pressure tap distribution is shown in Fig.. The 
same pressure tap distributions were utilised for the other three models. The mean wind 
velocity and turbulence intensity of the approaching flow were measured with a hot-wire probe. 
Time averaging was conducted for a period of 120 s with a sampling rate of 1000 Hz. Fig. 6 
shows the measured mean wind velocity and turbulence intensity profiles as well as fitted lines, 
which will be used as the simulation inlet conditions of this study. The aerodynamic roughness 
length was estimated to be 0.0003 m (0.006 m in full-scale). This value was chosen considering 
the subject of this study was to investigate isolated buildings surrounded by open terrain. The 
typical values of the roughness length from terrain category 1 to terrain category 4 are 0.002 
m, 0.02 m, 0.2 m and 2 m, respectively, according to Australian Wind Standard AS 1170.2 
[25]. The roughness length of 0.006 m in this study is located in the middle of terrain category 
1 and terrain category 2, which corresponds to open terrain conditions. The reference point was 
selected at the height of the building eave (𝐻𝑟𝑒𝑓 = 𝐻), with the reference mean velocity 𝑈𝑟𝑒𝑓 =
8.5 𝑚/𝑠  and a reference turbulence intensity of 19%. The relative uncertainty in the 
measurement of mean velocity was around 3.5%, and mean pressures have relative 
uncertainties of less than 6.7% at the reference point [26]. Reproducibility of experimental 
results could be achieved within these uncertainty ranges. 
 
  
          (a)                                                                                                  (b)                                                              
Fig. 1. (a) Spires; (b) carpets at the inlet of the wind tunnel to create boundary layer. 
 
 (b)                                                                                     (b) 
Fig. 2. Building geometries in this study: (a) building with a roof pitch of 1:5, (b) building with a roof pitch of 2:5, (c) 
building with a roof pitch of 3:5 
 
Fig. 3. Schematic view of model 
 
Fig.4. Pressure tap distributions on the external surfaces 
            
(b)                                                                                            (b)        
Fig. 5. (a) Mean velocity profile with simulation fitting line; (b) turbulence intensity profile with simulation fitting line. 
Symbols indicate experimental data and lines represent CFD profiles [32]. 
3. NUMERICAL SIMULATIONS 
The computational settings and parameters are described in this section. These settings and 
parameters were used in the sensitivity analyses (grid resolutions, lengths of sampling time) in 
Section 4. 
3.1 Computational Domain and Boundary Conditions  
ANSYS FLUENT version 18 [27] was used in this study to perform the steady RANS and LES 
computations. The building models were created according to the sizes of the models used in 
the wind tunnel tests. The selections of the computational domain dimensions were based on 
the best practice guidelines by Franke [28] and Tominaga et al. [29]. The distances were 5H 
(1.375 m) from the building model to the top and the sides of the domain, and 15H (4.125 m) 
for the downstream length, where H (0.275 m) was the height of the tallest building in this 
study. The upstream length of the domain was reduced from 5H (1.375 m) to 3H (0.825 m) to 
decrease the stream-wise gradient [30]. The resulting dimensions of the domain 
are  3 m × 5.45 m × 1.65 m (𝑊 × 𝐿 × 𝐻) , corresponding to 60 m × 109 m × 33 m  in full-
scale. All the blockage ratios were below 3% for different roof pitches with this domain shape. 
A combination of tetrahedral, hexahedral and prism solid elements was used to create the mesh, 
which would be applied for both RANS and LES in the following parts of this paper. 
Tetrahedral and hexahedral elements are used near the building and away from the building 
respectively, and additional prism elements are imposed near solid boundaries to capture 
boundary layers as displayed in Fig.. The inlet conditions in simulation were imposed based 
on wind tunnel measurements, as shown in Fig. 6. The inlet velocity profile was generated 
according to Equation (1): 
𝑈(𝑧) =
𝑢𝐴𝐵𝐿
∗
𝜅
𝑙𝑛 (
𝑧 + 𝑧0
𝑧0
)                                                                                                                  (1)    
where 𝑢𝐴𝐵𝐿
∗  (= 0.52 m/s) is the aerodynamic boundary layer (ABL) friction velocity, 𝜅 is von 
Karman constant (0.4), 𝑧 is the height coordinate and 𝑧0  (0.0003 m) is the aerodynamic 
roughness length which is the same as the wind tunnel experiments. The inlet turbulence kinetic 
energy was calculated by the measured turbulence intensity and the mean wind velocity at the 
inlet using Equation (2): 
𝑘(𝑧) = 𝑎(𝐼𝑢(𝑧)𝑢(𝑧))
2                                                                                                                          (2) 
Where 𝐼𝑢(𝑧) is the turbulence intensity measured from wind tunnel experiments, and 𝑢(𝑧) is 
the average inlet velocity and parameter a was selected as 1 [12, 29]. The turbulence dissipation 
rate is given in Equation (3) and the specific dissipation rate in Equation (4), where 𝐶𝜇 is an 
empirical constant taken as 0.09. 
𝜀(𝑧) =
𝑢𝐴𝐵𝐿
∗3
𝜅(𝑧 + 𝑧0)
                                                                                                                                   (3) 
𝜔(𝑧) =
𝜀(𝑧)
𝐶𝜇𝑘(𝑧)
                                                                                                                                       (4) 
The inlet turbulence was generated by Equation (2) and Equation (4) for 𝑘 − 𝜔 turbulence 
model. Symmetry boundary conditions were imposed on the sides and top of the domain, and 
the sand-grain roughness height 𝑘𝑠 and roughness constant 𝐶𝑠 were selected as 0.0029 and 1 
for the ground surface based on their relationship with aerodynamic roughness length 𝑧0 as 
displayed in Equation (5): 
𝑘𝑆,𝐴𝐵𝐿 =
9.793𝑧0
𝐶𝑠
                                                                                                                                   (5) 
The roughness height and roughness constant were taken as 1 and 0.5 for building surfaces.  
For more details on mesh setup and inlet conditions, readers could refer to the authors’ previous 
publication [24]. Besides, the vortex method was applied to generate inlet flow fluctuation for 
LES and the number of vortices was kept as 190 [27, 31, 32]. Vortex method has had extensive 
applications on both high-rise and low-rise buildings with good performance [20, 33, 34]. This 
method is based on the Lagrangian form of the 2D evolution equation of the vorticity, where 
the velocity vector ?⃗? is described as follows: 
?⃗? = ∇ × ?⃗? + ∇𝜙                                                                                                                                     (6) 
Where ?⃗? is the 2D stream function and 𝜙 is the velocity potential. After taking the curl of both 
sides, the following equation is obtained: 
?⃗⃗? = −∇2?⃗?                                                                                                                                               (7) 
Where ?⃗⃗? is vorticity, which is defined as the curl of the velocity vector (∇ ×?⃗?). Considering 
that this parameter measures the rotation of a fluid element, it is regarded as a desirable 
indicator to reflect the complexity of flow structure, which will be used in Section 5. Equation 
(7) could be solved by the convolution of the vorticity with the 2D Green’s function: 
𝜓(?⃗?) = −
1
2𝜋
∬ ln|?⃗? − ?⃗? ,| 𝜔(?⃗? ,)𝑑?⃗? ,                                                                                                (8) 
When Equation (6) is inserted with Equation (8), the velocity vector is calculated as follow: 
?⃗?(?⃗?) = −
1
2𝜋
∬
(?⃗? − ?⃗? ,) × 𝜔(?⃗? ,)𝑧
|?⃗? − ?⃗? ,|
𝑑?⃗? ,                                                                                            (9) 
where 𝑧 is the unit vector in the stream-wise direction. A particle discretisation is used to solve 
this equation. These particles, or ‘vortex points’ are placed randomly and carry information 
about the vorticity field. The amount of vorticity carried by a given particle 𝑖 is represented by 
the circulation Γ𝑖  in Equation (10) and an assumed spatial distribution 𝜂 in Equation (11): 
Γ𝑖(𝑥, 𝑦) = 4√
𝜋𝐴𝑘(𝑥, 𝑦)
3𝑁[2 ln(3) − 3 ln(2)]
                                                                                            (10)   
𝜂(?⃗?) =
1
2𝜋𝜎2
(2𝑒
−|𝑥|2
2𝜎2 − 1) 2𝑒
−|𝑥|2
2𝜎2                                                                                                (11) 
where 𝑘 is the turbulence kinetic energy defined in Equation (2), 𝐴 is the area of the inlet 
section and 𝑁 is the number of vortex points, which is 190 in this study. The parameter 𝜎, 
which is shown in Equation (12), provides control over the size of a vortex particle. 
𝜎 =
𝑐𝑘3/2
2𝜀
                                                                                                                                              (12) 
where 𝑐  equals to 0.16 and 𝜀  is turbulence dissipation rate defined in Equation (3). The 
resulting discretisation for the velocity field is given by Equation (13): 
?⃗?(?⃗?) = −
1
2𝜋
∑
((?⃗? − ?⃗? ,) × 𝜔(?⃗? ,)𝑧) (1 − 𝑒
−|𝑥|2
2𝜎2 )
|?⃗? − ?⃗? ,|
𝑁
𝑖=1
                                                                   (13) 
To ensure that the vortex will always belong to resolved scales, the minimum value of 𝜎 in 
Equation (12) is bounded by the local grid size. The sign of the circulation of each vortex is 
changed randomly each characteristic time 𝜏. In the general implementation of the vortex 
method, this time scale represents the time necessary for a 2D vortex convected by the bulk 
velocity in the boundary normal direction to travel along 𝑛 times its mean characteristic 2D 
size (𝜎𝑚), where 𝑛 is fixed to 100 from numerical testing [27]. The vortex method considers 
only velocity fluctuations in the plane normal to the stream-wise direction. Noticeably, the 
mesh sizes of global control were kept the same, but the first grid height of the inflation layer 
around the building was increased to 6 × 10−5 m for LES, as shown in Table 1. This is because 
the computational cost of LES can increase dramatically with a smaller time-step size, and 
time-step size has a close relation with the minimum grid width, which is the first grid height 
of the inflation layer near the building in this study. The relation between time step size and 
minimum grid width is displayed in Equation (14): 
Δ𝑡 =
𝐶𝐹𝐿×Δ𝑥
𝑢
                                                                                                                                          (14)  
Where Δ𝑡  is the time-step, 𝐶𝐹𝐿  is Courant-Friedrichs-Lewy number, Δ𝑥  is minimum grid 
width, and 𝑢 is the maximum longitudinal velocity. The value of 𝐶𝐹𝐿 is always taken around 
1 to make sure the distance that the flow travels within a time-step is lower than the distance 
between mesh elements. However, the time-step calculated from Equation (14) is always 
conservative [33]. This is because the refinement region, like inflation layers, always appears 
around the building model to better capture flow characteristics around the building, as shown 
in Fig. 7(a), where the mesh width is very small and requires a relatively smaller time-step size 
according to Equation (14). However, the velocity around the building model is also reduced 
due to the blockage effect of the building, and is much smaller than the maximum longitudinal 
velocity, as shown in Fig. 7(b). The time step size was set as 6 × 10−5 s instead of 6 × 10−6 s 
calculated from Equation (14), and the maximum 𝐶𝐹𝐿 number could always be limited around 
one for all the cases in this study. All the details of the meshes of LES and RANS are displayed 
in Table 1. The dimensionless wall distance 𝑧+ defined in Equation (15) was introduced to 
evaluate the quality of grid refinement near the building, as follows: 
𝑧+ =
𝑢𝜏𝑧𝑃
𝜈
                                                                                                                                             (15) 
where 𝑢𝜏 is the friction velocity based on wall shear stress and air density, 𝑧𝑃 is the distance 
from the wall to the adjacent layer and 𝜈 is the kinematic viscosity. The average 𝑧+ values 
around the building model are 0.2 and 0.8 respectively for RANS and LES, indicating good 
treatment near the building for both simulation methods. The stretch ratio is also increased to 
1.2 for LES to reduce computational cost, which is still adequate enough to capture flow 
characteristics around building [12]. The computing time of LES increases dramatically with a 
factor of more than 80, although the cell number is reduced from 703,000 to 451,000. 
 
Fig.6. Mesh details near the building corner 
 
 
    
(b)                                                                             (b) 
Fig.7. (a) Mesh details, and (b) velocity contour on the longitudinal cross-plane around the building 
Table 1 
 Mesh details for RANS and LES 
 Maximum 
size of global 
control (m) 
Minimum 
size of global 
control (m) 
First grid 
height of 
inflation layer 
(m) 
Stretch ratio of 
inflation layer 
average 
𝑧+  values 
around 
building 
Cell number  Computing 
time (hours) 
RANS 0.05 0.005 0.00002 1.1 0.2 703,000 1.0 
LES 0.05 0.005 0.00006 1.2 0.8 451,000 84.0 
 
3.2 CFD Simulations: Solver Setting 
The 3D steady RANS equations are solved in combination with the 𝑘 − 𝜔 shear stress transport 
(SST) turbulence model, which combines the advantages of both 𝑘 − 𝜀 and 𝑘 − 𝜔 turbulence 
models [35, 36]. The SIMPLE algorithm is used for pressure-velocity coupling. The pressure 
interpolation is of second order and all the other transport equations are discretised by a second-
order upwind scheme. Convergence is obtained when the scaled residuals level off and reach a 
minimum of 10−5  for all dependent variables. Besides, the solution stability of important 
points should also be proved. Point A is selected in this study, which corresponds to the first 
pressure tap on the roof ridge under a wind direction of 0° as displayed in Fig. (a). This point 
is under the separation bubble and has high suction pressure at this wind direction. The pressure 
coefficient at point A begins to get converged and stabilize at a value of -1.1 after the first 100 
iterations until the scale residuals of 10−5  are achieved for all the variables, as shown in Fig. 
(b). The dynamic Smagorinsky-Lilly model is selected as the sub-grid scale model to perform 
LES simulation [27, 37]. The SIMPLE algorithm is also used for pressure-velocity coupling. 
The pressure interpolation is of second-order and bounded central differencing scheme is 
applied to discretise the momentum equation. Bounded second order implicit is used for 
transient formulation. The LES simulation is started based on the converged steady state RANS 
simulation, which is with 𝑘 − 𝜔 SST turbulence model in this study. The aim is to shorten the 
simulation time by starting LES with a realistic flow field [27]. The sampling time will be 
analysed in Section 4.2 to make sure steady and reliable results could be achieved from LES.  
All computer simulations are conducted at Sydney University in Australia with four processors 
(Intel(R) Core(TM) i5-6500T CPU @ 2.50 GHz) and 8 GB installed memory. Each simulation 
requires approximately one hour to convergence for steady state RANS and around 84 hours 
to the planned sampling time for LES. 
  
Fig. 8. (a) A critical point selected on the roof ridge, and (b) the corresponding pressure coefficient over iterations 
4. SENSITIVITY ANALYSES 
In this section, the building model with a roof of pitch 1:5 is selected as the reference 
configuration to conduct sensitivity analyses on the grid resolution and the length of sampling 
time. The selected grid resolution was applied on both RANS and LES. The length of sampling 
time was tested to make sure reliable results could be achieved from LES. The selected grid 
resolution and sampling time were used for a comparison of results in Section 5. 
4.1 Grid Sensitivity Analysis 
Grid sensitivity analysis was performed based on three types of mesh configuration in this part. 
The coarse grid had approximately 79,000 cells, the basic grid had 703,000 cells, and the fine 
grid had 7,187,000 cells. These grids are displayed in Fig. 10. It is suggested that the number 
of fine meshes should be at least 1.5 times the number of coarse meshes in all three directions 
[29]. In this study, the fine and coarse grids were developed by refining and coarsening the size 
of the basic mesh based on a factor of three. Besides, 𝑘 − 𝜔 SST turbulence model was used 
in this part and the same mesh refinement was applied near the building model with a first grid 
height of 2 × 10−5  m. The details of these three grids are summarised in Table 2. The 
simulation results from these three grids are shown in Fig. 10. The x-axis is the dimensionless 
distance along the mid-line of the building with a roof pitch of 1:5, and the y–axis represents 
the corresponding pressure coefficient, which is defined in Equation (16): 
𝐶𝑝 =
𝑃 − 𝑃0
0.5𝜌𝑈𝑟𝑒𝑓
2                                                                                                                                      (16) 
where 𝑃 is the static pressure on the model surface, 𝑃0 is the static pressure measured at the 
reference point, 𝜌 is the air density (1.225 kg/m3), and 𝑈𝑟𝑒𝑓 is the reference wind velocity 
(8.5 m/s). Small difference could be observed between the fine and basic grids, whereas the 
difference between the coarse and basic grids is relatively large. This indicates that the basic 
grid is the best option considering both the computational accuracy and computational cost. 
The basic grid will be applied for further analysis. 
 
 
Fig. 9. Computational grids for grid-sensitivity analysis: (a, d) fine grid; (b, e) basic grid; (c, f) coarse grid 
 
Table 2 
 Mesh details for coarse grid, basic grid and fine grid 
 Minimum size of 
global control (m) 
Maximum size of 
global control (m) 
Number of cells First grid height (m) 
Coarse grid 0.015 0.15 79,000 2 × 10−5 
Basic grid 0.005 0.05 703,000 2 × 10−5 
Fine grid 0.0017 0.017 7,187,000 2 × 10−5 
 
 Fig. 10. Comparison of pressure coefficient along the mid-axis between different grid resolutions 
4.2 Sensitivity Analysis on Sampling Time 
A sensitivity study on the length of sampling time was investigated in this part to ensure that 
steady and reliable results could be obtained from LES. The time step size was set as 6 × 10−5 
s. The building model with a roof pitch of 1:5 under a wind direction 60° was selected as the 
reference case, and the computational results of LES from five different lengths of sampling 
time were compared on the long leading edge, short leading edge and roof ridge. The 
computational results were averaged over 5,000, 13,000, 21,000, 33,000 and 42,000 time-steps, 
which correspond to flow times of 0.3 s, 0.8 s, 1.3 s, 2.0 s and 2.5 s, respectively. The pressure 
coefficients on the long leading edge, short leading edge and roof ridge were compared with 
different lengths of sampling time, and these areas were non-dimensionalised by their 
respective lengths. The comparison results are displayed in Fig. 13. The areas were selected 
due to the high suction pressures that always occur on them, which will be elaborated in Section 
5.2. The results show large differences between the flow times of 0.3 s, 0.8 s and 1.3 s. When 
the flow time reaches 2.0 s, the results do not change significantly with more time steps taken 
into consideration. The pressure distribution from a flow time of 2.0 s almost coincides with 
that from a flow time of 2.5 s. This indicates that the statistically steady results could be 
obtained when the flow time reaches 2.0 s. A sampling time of 2.0 s will applied for all the 
LES simulations considering both the steadiness of the results and computational cost. 
 
 Fig. 11. Comparison of pressure coefficient from different lengths of flow time 
5. RESULTS 
Generally, the flow path of results display in this section is divided into two parts: buildings 
under perpendicular wind directions and under oblique wind directions. In Section 5.1, results 
from the steady state RANS simulation and the experiment are compared for buildings with 
different roof pitches under perpendicular wind directions of 90° and 0°. LES is not included 
in this section because steady RANS is a more practical simulation than LES with considerably 
lower computational cost if the simulation accuracy could be proved. In Section 5.2, the 
influence of roof pitch on the distribution of high suction pressures on the roof is discussed 
based on results measured from wind tunnel tests. Besides, the flow problem with the highest 
turbulence among these three roof pitches is expected to be identified in this section, which 
will be used as a reference model to conduct CFD analysis in the following sections. This is 
because the flow problem with high turbulence is very difficult to be predicted, which is 
believed to be more appropriate to distinguish the differences between a transient state and a 
steady state simulation method. The selected flow case from Section 5.2 is simulated to 
compare the different flow fields generated from LES and RANS in Section 5.3, and the 
resulting surface pressures are compared under different wind directions based on data 
measured from wind tunnel tests in Section 5.4. 
5.1 Perpendicular Wind Directions 
In Fig. 15, numerical results obtained from the 𝑘 − 𝜔  SST turbulence model and the 
experimental results measured from the wind tunnel tests are compared on building models 
under a wind direction of 90° with roof pitches of 1:5, 2:5 and 3:5, respectively. The x-axis is 
the dimensionless distance along the mid-line of the building model and the y-axis is the 
corresponding pressure coefficient. Generally, simulation results show good agreement with 
the experimental results, especially on the roof, which is a critical zone due to flow separation. 
Except for some underestimation of line D in the leeward part of the building with a roof pitch 
of 3:5, CFD has good performance in all other parts using the 𝑘 − 𝜔 SST turbulence model. 
When the roof becomes steeper, the positive pressure coefficient in line A of the windward 
wall and the absolute value of negative pressure coefficient in line D of the leeward wall, have 
a slight increase. However, these variations are relatively small compared to the significant 
changes of pressure coefficient on the roof. On the upwind roof, the absolute values of the 
suction pressure reduce a lot with the increase of roof pitch. In addition, the pressure coefficient 
on the downwind roof changes into a relatively constant value of around -0.5 when the roof 
pitch rises from 1:5 to 2:5 and 3:5. These variations are attributed to the different flow patterns 
along the mid-lines as shown in Fig. 16, which are naturally caused by different blockage 
effects from buildings with different roof pitches. The wind streamlines in front of the 
windward wall and behind the leeward wall generally show little discrepancy with different 
roof pitches. The flow separation bubble on the upwind roof, however, begins to shrink from a 
roof pitch of 1:5 to 2:5. Moreover, there is also a reverse flow region emerging on the 
downwind roof of the building with a roof pitch of 2:5. When the roof pitch changes to 3:5, the 
flow separation bubble disappears on the upwind roof and the reverse flow region could still 
be observed on the downwind roof. These different flow patterns also lead to varied flow 
complexities of the near-building field, which can be captured by vorticity distribution on the 
mid-plane as displayed in Fig. . As explained in Section 3.1, vorticity is defined as the curl of 
the velocity vector (∇ ×?⃗?) and is regarded as a good indicator to reflect the complexity of flow 
structure. It is clearly observed that the emergences of reverse flow on the downwind roof bring 
two areas with higher vorticities behind the roof ridges in Fig. (b, c). And on the upwind roof, 
both the size and the intensity of flow separation significantly reduce with the increase of roof 
pitch, indicating that a more intense flow separation can happen on the roof with a lower roof 
pitch due to the sharp edge.  
These findings might suggest that the flow patterns vary critically at a roof pitch of 2:5, and 
are consistent with previous studies addressing the critical roof angle subject to a wind direction 
of 90°. Tominaga et al. [14] observed a large difference in the flow pattern between 3:10 (16.7°) 
and 5:10 (26.6°) pitches, and a relative small difference between 5:10 (26.6°) and 7.5:10 (36.9°) 
pitches. This might indicate that the flow pattern changes critically around a building with roof 
angle of around 20°. Ozmen et al. [15] also found that the incoming flow to a 15° pitched roof 
separated at the leading edge of the upwind roof, and this separation zone disappeared for roof 
pitches of 30° and 45°. Therefore, supported by previous studies, it is sound to deduce that the 
angle of around 20° is a critical roof angle, where the streamline can vary a lot around this 
critical angle. To be more specific, both the size and the intensity of separation bubble on the 
upwind roof significantly decrease around this critical angle, and reverse flow regions emerge 
on the downwind roof. These variations also result in obvious changes in the pressure 
distribution of the roof, and there is a significant higher suction pressure coefficient of around 
-1.5 near the leading edge of the upwind roof with a roof pitch of 1:5, as shown in Fig. 15(a). 
 
 
                                       (a)                                                                     (b)                                                                     (c) 
Fig. 12. Pressure coefficient comparison between results from the simulation and wind tunnel test on buildings under wind 
direction 90° with a roof pitch of: (a) 1:5, (b) 2:5, (c) 3:5. 
 
 
                             (a)                                                                     (b)                                                                     (c) 
Fig. 13. Schematic diagrams of flow streamlines on the longitudinal mid-planes around buildings under wind direction 90° 
with a roof pitch of: (a) 1:5, (b) 2:5, (c) 3:5. 
   
 
Fig. 14. Vorticity distributions along the mid-planes around buildings under wind direction 90° with a roof pitch of: (a) 1:5, 
(b) 2:5, (c) 3:5. 
The pressure distributions along the mid-lines of the buildings with different roof pitches 
subject to wind direction 0° are displayed in Fig. . Regardless of some slight overestimation in 
the simulation results in line A on the windward wall, CFD has decent performance in the 
prediction of pressure coefficient in all other parts. In addition, with an increase of roof pitch, 
the discrepancies between these three roof angles are almost negligible. This results from little 
difference of blockage effects from these three roof angles under wind direction 0°, which can 
be proved by the streamline figures as shown in Fig. 16. The streamlines around the mid-lines 
show very little difference between these three roof angles. The vorticity distributions on the 
mid-planes also show little difference as displayed in Fig. , indicating that the flow 
complexities generated from three models are also very similar regardless of the different total 
model heights. It could be concluded that both the flow field near the building and pressure 
distribution are less sensitive to the change of roof pitches under a wind direction of 0° 
compared to a wind direction of 90°.  
   
                                       (a)                                                                     (b)                                                                     (c) 
Fig. 15. Pressure coefficient comparison between results from simulation and wind tunnel tests on buildings under wind 
direction 0° with a roof pitch of: (a) 1:5, (b) 2:5, (c) 3:5. 
 
   
                             (a)                                                                     (b)                                                                     (c) 
Fig. 16. Schematic diagrams of flow streamlines on the longitudinal mid-planes around buildings under wind direction 0° 
with a roof pitch of: (a) 1:5, (b) 2:5, (c) 3:5. 
 
 
 
Fig. 17. Vorticity distributions along the mid-planes around buildings under wind direction 0° with a roof pitch of: (a) 1:5, 
(b) 2:5, (c) 3:5. 
5.2 Oblique Wind Directions 
The pressure distribution contours on the roof with pitches of 1:5, 2:5 and 3:5 are displayed in 
Fig. 21 under different wind directions. These contours are plotted based on the values of 
pressure coefficients on the roof, which were measured from wind tunnel tests. The coverage 
area of these contours corresponds to the shadow area as shown in Fig. . The position of the 
high suction area changes significantly with wind direction, and there is also a general tendency 
for the high suctions on the roof to become less critical with the increase of roof pitch. A critical 
area with an extremely low pressure coefficient of -2 could be found on the front roof ridge 
with a roof pitch of 1:5 under wind direction 45°. When the roof pitch is raised to 3:5, the 
lowest pressure coefficient is around -1.2 under wind direction 15°, and most areas have a 
relatively higher pressure coefficients of around -0.5 or greater under various wind directions. 
The roof pitch is proved to have a large influence on the intensity of vortices on the roof. For 
a low roof pitch building, the contact edges between walls and roof are shaper than a higher 
roof pitch, which will lead to a stronger flow separation and intensify the formation of vortices 
on the roof [38].  Besides, the high suction areas mainly concentrate on the leading edge, short 
leading edge and the front part of roof ridge due to the formation of roof corner vortices as 
shown in Fig. . To give more accurate comparisons, the critical areas including the long leading 
edge, short leading edge and roof ridge are selected, and the experimental results on these areas 
with different roof pitches are compared and displayed in Fig. . There are large differences on 
the pressure distribution under wind directions from 30° to 75°, however, these differences are 
relatively small for wind directions of 15°. This finding is believed to correspond to the content 
in Section 5.1, where little difference in the pressure distribution along the mid-line could be 
found with different roof pitches under perpendicular wind direction 0°. When wind flow 
approaches the building parallel to the roof ridge or at a small angle, different roof pitches 
could result in a relatively smaller influence on the pressure distribution around the building. 
This is because different roof pitches effectively present as zero slope under these wind 
directions [38-40]. When the wind attack angle becomes larger, the differences in the pressure 
distribution increase dramatically. On the long leading edge and short leading edge, there is a 
general tendency for pressure distributions to move down to lower values with an increase of 
roof pitch. Aside from this, the lowest pressure coefficient is another point of attention, 
considering that the possible component failures brought by these higher suction pressures can 
often lead to progressive damage and structural collapse of the roof [11]. It is found that the 
highest suction pressure occurs on buildings with a roof pitch of 1:5 in almost all the cases 
except for the short leading edge under wind direction 60°, where the highest suction pressures 
are of similar values between a roof pitch of 1:5 and 2:5, but occur in different positions as 
shown in Fig. (k). On the roof ridge, there is no general pressure change with the increase of 
roof pitch, which can be clearly observed on the long leading edge and short leading edge. The 
pressures on the latter part of the roof ridge with a 2:5 pitch are even lower than the 1:5 roof 
pitch under wind directions of 15°, 30° and 45°. However, these pressure variations are 
relatively small on the latter part of the roof ridge and the largest difference lies on the front 
part of the roof ridge. There is always a much higher suction pressure on the front part of the 
roof ridge with a roof pitch of 1:5, especially under 30°, 45° and 75° wind directions, which 
makes this roof pitch more critical than the other two. In summary, the pressure coefficients on 
the long leading edge and short leading edge gradually go down with the increase of roof pitch, 
and the highest suction pressure occurs on the critical areas of the roof with a pitch of 1:5 in 
the majority of cases displayed in Fig. . The roof corner vortices can cause much more critical 
suction pressures on a roof pitch of 1:5 compared to the other two roof pitches.  
These differences are closely related to the shape of the building roof. A flat building roof and 
a more streamlined building roof can make a large difference. Franchini et al. [8] studied the 
high suction pressures caused by conical vortices on curved roofs of low-rise buildings. They 
found that the suction peaks at the windward corner decreased as the roof curvature grew. 
Mahmood [21] observed that the mean suction pressure at the roof surface decreased 
considerably when the edges were rounded, especially at an oblique incidence of 25° and 45°. 
Dong and Ye [9] investigated two types of saddle roof and found more severe suction near the 
apex on the more flat saddle roof. Özmen and Baydar [10] investigated gable roof buildings 
with 15°, 30° and 45° roof angles. The roof angle of 15° was found to produce more critical 
suction on the roof. In conjunction with these previous studies, it could be concluded that a flat 
roof could always lead to very critical suction on the roof under oblique wind directions; 
however, the high suction brought by conical vortices could be reduced a lot when the roof is 
rounded or the roof pitch is higher. This is probably because a rounded roof or roof with a 
higher pitch are closer to a more  streamlined roof shape, which could lead the wind flow to go 
around the roof more effectively instead of creating critical conical vortices on the roof as 
shown in Fig. . The roof pitch of 1:5 is believed to be closer to a flat roof, and the roof pitch of 
3:5 is more streamlined than roof pitches of 1:5 and 2:5. Considering the great differences of 
roof pressure distribution between the different roof pitches under oblique wind directions, a 
flat roof or roof with a low pitch should be applied with caution especially in windstorm-prone 
areas. 
 
 
 
 
     
     
     
     
 
Fig. 18. Pressure coefficient contours under five different wind directions for buildings with a roof pitch of: (a, b, c, d, e) 1:5; 
(f, g, h, i, j) 2:5; (k, l, m, n, o) 3:5. 
 
Fig. 19. The plot area of contours for buildings with different roof pitches 
 
 Fig. 20. Schematic figure of critical areas on the roof 
 
 
 
 
 
 
 
 
  
 
Fig. 21. Experimental comparison of pressure coefficient on critical areas with different roof pitches under wind directions 
of:(a, b, c) 15°; (d, e, f) 30°; (g, h, i) 45°; (j, k, l) 60°; (m, n, o) 75°. 
 
 
 
Fig. 22. Schematic figure of wind flow over a flat roof building and a curved roof building 
5.3 Comparison on the flow field generation between RANS and LES 
Considering that more critical pressures are always created on the building with a roof pitch of 
1:5 under both perpendicular and oblique wind directions as demonstrated in Section 5.1 and 
Section 5.2, the building with a roof pitch of 1:5 will be studied in this part to compare the 
different performances of LES and RANS. Significant differences are found between LES and 
RANS in the near-building flow region generation, which can be distinguished by tracking the 
development of velocity vector when the building is under a wind direction of 60° as displayed 
in Fig. . It is clearly observed in Fig. (a) that there are two vortices forming along the leading 
edge and short leading edge respectively, and these vortices have certain angles with the 
leading edges. Besides, wind streamlines also separate when flowing over the sharp edges and 
generate separation regions in Fig. (a). However, a large discrepancy can be found between 
LES and RANS in the generation of near-building flow regions as shown in Fig. (b). Although 
the flow separations could be created by RANS near the sharp edges, the vortex along the long 
leading edge is not clearly produced. The size of vortex along the short leading edge is also 
significantly smaller compared to Fig. (a), and the distribution tends to be parallel to the leading 
edge. The flow structures generated by LES are believed to be more realistic than RANS, as 
the axis lines of the vortices always have small angles with the leading edges, which has been 
verified experimentally by many previous studies [7, 41, 42].  These differences can be further 
reflected by analysing the vorticity distributions in the near-building flow field. There are three 
planes selected. Plane 1 is parallel to upwind roof with a vertical distance of 0.005 m, plane 2 
and plane 3 intersect with the building vertically and have the distances of 0.03 m and 0.08 m 
respectively to the roof corner, as displayed in Fig. . The vorticity distributions from LES and 
RANS on plane 1 are displayed in Fig. (c) and Fig. (d). Generally, the vorticity distributions 
from LES and RANS are consistent with the different flow regions in Fig. . In Fig. (c), the 
highest vorticities concentrate on the roof corner and begin to reduce gradually away from the 
roof corner, which can well reflect the shapes of roof corner vortices in Fig. (a). However, this 
vorticity pattern in Fig. (d), which is generated from RANS, is visually simplified in 
comparison to the vorticity distribution from LES as shown in Fig. (c). The high vorticities 
mainly focus near the leading edges, which are resulted from flow separations. Besides this 
large difference on the vorticity distribution on plane 1, the vorticity values predicted from 
RANS in the near-building flow field are also significantly lower than LES, as displayed in 
Fig. . The highest vorticities appear at the core areas of roof corner vortices in Fig. (a, b), 
indicating the quick rotation of flow element inside the vortices. In Fig. (c, d), the vorticity 
values are much lower. By comparing the differences of flow field generation between RANS 
and LES under a wind direction of 60°, significant discrepancies are found in the near-building 
flow region production and vorticity distribution. It is concluded that roof corner vortices are 
inadequately created by RANS and the flow regions generated by LES are more realistic.  
Also, an oscillatory behaviour of residuals is found in RANS simulation, as displayed in Fig. 
22, which is a residual figure for the building with a roof pitch of 1:5 under a wind direction of 
60°. The occurrence of this oscillation does not indicate a low-quality simulation. On the 
contrary, it means that the grid resolution is high enough and numerical diffusion is low enough 
to influence the convergence process [12, 43]. This oscillation can easily happen under oblique 
wind directions but does not occur under perpendicular wind directions in Section 5.1. This 
might indicate that the flow problem under oblique wind directions is more turbulent than 
perpendicular directions. One of the key differences between perpendicular and oblique wind 
directions is the different flow regions generated around a building especially on the roof. For 
oblique wind directions both flow separation, which is similar to that observed in Fig. 16 and 
Fig. 18, and roof corner vortices can also be found in Fig.  due to the complexity of the flow. 
Furthermore, different vorticity distributions are generated between perpendicular and oblique 
wind attack angles in the near-building flow field as displayed in Fig. (a, b, c). The high 
vorticities uniformly distribute along the leading edges of windward  walls, and the other areas 
are limited to relative low vorticity values under perpendicular wind directions of 0° and 90° 
in Fig. (a, b). However, the vorticity distribution is more turbulent for building under oblique 
wind directions in Fig. (c), and the high vorticities distribute on the areas both near the leading 
edges and under roof corner vortices.  When this more complex flow structure is forced to be 
solved by steady state simulation, this oscillation will occur because a single converged 
solution cannot be obtained. The results were obtained from RANS over 10,000 iterations when 
this oscillation occurred for buildings under oblique wind directions.  
 
Fig. 23. The developments of velocity vector on the roof generated by: (a) LES, (b) RANS. 
 
 Fig. 24. Schematic figure of plane 1, plane 2 and plane 3 
 
 
 
 
 
Fig. 25. The vorticity distributions on plane 1 generated from (a) RANS under a wind direction of 90°, (b) RANS under a 
wind direction of 0°, (c) LES under a wind direction of 60° and (d) RANS under a wind direction of 60°. 
 
  
               
 
 
             
 
 
              
 
Fig. 26. The vorticity distributions generated from (a) LES on plane 2, (b) LES on plane 3, (c) RANS on plane 2 (c) and 
RANS on plane 3 
 
 Fig. 27. Oscillatory behaviour of residuals from RANS 
 
5.4 Comparison on the localised pressure between RANS and LES 
In Section 5.3, the different performances between RANS and LES are compared in the 
generation of flow field around the building with a roof pitch of 1:5 under wind direction 60°. 
Large discrepancies are observed on the generated flow fields between these two simulation 
methods. The influence from these discrepancies on the localised surface pressure are 
compared under different wind directions and validated by experimental results in this section. 
As a parameter directly acting on the building, surface pressure plays an important role in 
building design, and could well reflect the variation of flow regions near the building. 
Comparisons between the experimental data and simulation results from LES and 𝑘 − 𝜔 SST 
are displayed in Fig. 23, where A, B, C, D denote the long leading edge, left part of the short 
leading edge, right part of the short leading edge, and roof ridge, respectively. The long leading 
edge, short leading edge and roof ridge are non-dimensionalised by their respective lengths. 
Generally, LES has significant improvements over 𝑘 − 𝜔 SST on the prediction of pressure 
coefficients. Although 𝑘 − 𝜔  SST has decent performance under perpendicular wind 
directions, there are large deviations between the experimental results and the simulation result 
from 𝑘 − 𝜔 SST under oblique wind directions. The most outstanding deviations appear in the 
large underestimation of high suction pressure on the short leading edge under wind directions 
30° and 45°, and the different pressure distribution patterns with experimental patterns on the 
long leading edge under wind directions 45° and 60°. Although there is still some 
underestimation from LES on the high suction pressure of the short leading edge under wind 
direction 30°, the pressure distributions from LES generally improve a lot, and show better 
agreement with the experimental data under various wind directions. 
  
                                                         (a)                                                                                                         (b) 
  
                                                         (c)                                                                                                          (d) 
 
                                                         (d) 
Fig. 24. Pressure coefficient comparisons along horizontal mid-lines of the sidewalls between results from simulations and 
wind tunnel tests for a building with a windward opening under different wind directions: (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 
60°, (f) 75° 
Another critical advantage of LES over RANS lies in the overall pressure distributions on the 
roof as shown in Fig. . Simulation results from LES and RANS are displayed in Fig. (a, d, g, j, 
m) and Fig. (b, e, h, k, m), respectively; whereas Fig. (c, f, i, l, o) are plots based on the roof 
pressure coefficients measured from wind tunnel tests, with the coverage area displayed in Fig. . 
Noticeably, the aim of Fig.  is to compare significantly different pressure distributions from 
RANS and LES, whereas precise value comparisons between simulation and experiment 
cannot be achieved in this figure due to the limited pressure values measured from wind tunnel 
tests, which are used to plot Fig. (c, f, i, l, o). The highlight is on the dark blue areas, which 
represent the high suction pressures caused by conical vortices. The largest difference could be 
found on the leading edge between the contour figures from LES and RANS. The pressures 
along the long leading edge appear to be cone-shaped distributions from LES under various 
wind directions, however, the pressures from RANS tend to be straight-shaped distributions 
along the long leading edge. Apparently, the pressure distribution figures from LES are closer 
to the experimental results under all wind directions, considering that the axis lines always have 
small angles with the leading edges. The suction pressure brought by vortices reaches a peak 
at the tip of the axis line and decreases gradually along the axis line. Therefore, the cone-shaped 
pressure distributions from LES tend to be more realistic than the straight-shaped distributions 
generated from RANS. Although LES displays better performance than 𝑘 − 𝜔  SST under 
oblique wind directions, the computational cost also increases dramatically, as shown in Table 
1. Therefore, 𝑘 − 𝜔 SST is believed to be more applicable than LES under perpendicular wind 
directions with a satisfactory degree of accuracy.  But under oblique wind directions LES can 
provide more realistic pressure distributions than 𝑘 − 𝜔 SST turbulence model.  
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
  
   
 
   
   
   
   
Fig. 29. Comparisons of pressure distribution contours on building with roof pitch 1:5 between results from: (a, d, g, j, m) 
LES simulation, (b, e, h, k, m) RANS simulation method, and (c, f, i, l, o) wind tunnel tests 
6. SUMMARY AND CONCLUSIONS 
In this study, the mean pressure distributions around gable roof buildings with three different 
roof pitches, namely, 1:5, 2:5 and 3:5, were investigated experimentally and numerically. 
Firstly, the pressure distributions along the mid-lines of buildings were studied by means of 
wind tunnel tests and RANS under perpendicular wind directions of 0° and 90°. Then detailed 
comparisons were made on the roof pressure distributions with different roof pitches under 
oblique wind directions (15°, 30°, 45°, 60°, 75°), based on data measured from experiments. 
Finally, the building with a roof pitch of 1:5 was selected to analyse the different performances 
from RANS and LES in the prediction of flow field generation near the building, and the 
localised surface pressure brought by conical vortices on the roof. The following aspects were 
revealed: 
• Large variations are observed in flow patterns and pressure distributions with different roof 
pitches under wind direction 90°. When the roof pitch rises from 1:5 to 2:5, the separation 
bubble on the upwind roof decreases to a very small size and a reverse flow region emerges on 
the downwind roof. When the roof pitch rises to 3:5, the separation bubble disappears on the 
upwind roof but the reverse flow region still exists on the downwind roof. Also, it is observed 
that both the size and the intensity of flow separation significantly reduce with the increase of 
roof pitch from the vorticity distributions on the mid-planes. This suggests that a more intense 
flow separation can happen on the roof with a lower roof pitch due to the sharp edge. Besides, 
these findings also identify a critical roof pitch of around 2:5 (21.8°) under wind direction 90°. 
The flow patterns change a lot at this roof angle, resulting in large differences of pressure 
distribution especially on the roof with different roof pitches. However, both the flow field and 
pressure distribution are affected little by different roof pitches under wind direction 0°. A good 
match could be found between the results from RANS and experiments on the pressure 
prediction under perpendicular wind directions 0° and 90°.  
• The high suction areas brought by conical vortices are mainly concentrated on the long 
leading edge, short leading edge and roof ridge under oblique wind directions. There is a 
general tendency for high suctions to reduce significantly when the roof pitch becomes steeper. 
In most cases, the highest suction pressures happen on a roof pitch of 1:5 under various wind 
directions, indicating that the roof pitch of 1:5 is a more critical case under oblique wind 
directions than roof pitches 2:5 and 3:5. It is concluded that a flatter roof pitch results in more 
severe conical vortices under oblique wind directions, which shows consistency with the 
previous studies.  
• The flow regions generated from LES and RANS are investigated by tracking the velocity 
vector near the roof, and the vorticity distributions are compared in the near-building flow field. 
It is found that realistic roof corner vortices could be generated from LES, however, RANS 
shows significant deficiency in the simulation of roof corner vortices. The vortex along the 
long leading edge is not adequately produced. Moreover, the vorticity values from RANS in 
the near-building flow region are significantly lower than LES. Oscillatory behaviour of 
residuals is observed when using steady RANS to simulate building under oblique wind 
directions, indicating a single converged solution cannot be obtained for this flow problem with 
high turbulence.  
 • A better performance could be found from LES than RANS on the localised pressure 
prediction on the roof under oblique wind directions especially on the long leading edge. The 
pressure distributions along the long leading edge appear to be cone-shaped from LES, and 
show similar patterns as the experimental results. However, the pressure distributions along the 
long leading edge from RANS tend to be straight-shaped, which show large deviations from 
the experimental patterns. The large deviations in the prediction of both flow field and localised 
surface pressure suggest that steady RANS is not a desirable simulation method to simulate 
wind flow over building in oblique attack angles. Significant improvement from LES could be 
found for this transient flow problem. 
• Although more accurate results could be obtained from LES, there is also a dramatic increase 
in the computational cost by a factor of more than 80. Therefore, RANS is believed to be more 
applicable than LES, with satisfactory performance under perpendicular wind directions.  But 
under oblique wind directions LES can provide better performance in the generation of near-
building flow field and more realistic pressure distributions than RANS. 
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5. Numerical Study on Building Details and Roof Shape 
5.1 Introduction 
The performance of RANS simulation method with 𝑘 − 𝜔 SST turbulence model is proved in 
Chapter 3 when the wind direction is perpendicular or parallel to the roof ridge. In Chapter 4, 
improved accuracy is discovered from LES in the prediction of near-building flow field and 
surface pressure in cases of buildings under oblique wind directions. Therefore, the simulation 
results from RANS are used to study the influence from building details under wind directions 
of 0° and 90°. Buildings with different balconies and roof overhangs are investigated in section 
5.2 and section 5.3 respectively. In section 5.4, different roof shapes are investigated by RANS 
under wind directions of 0° and 90°, and by LES under a wind direction of 60°. Although there 
are past studies on this subject, there is a lack of summarised investigation especially from 
simulation method. The goal of this section is to make comprehensive studies on these 
important building parameters by numerical method. 
5.2 Numerical Study on Building with Balconies 
The effect of building features such as balconies on the overall wind behaviours has not been 
investigated. The building geometries studied in Chapter 3 and Chapter 4 are simplified without 
any façade details. The use of balcony is very common in residential house to extend the indoor 
space. The localised surface pressure and wind streamline around building could be altered 
significantly with the introduction of balcony [1, 2]. The dimensions of scaled-down model are 
0.225 m × 0.5 m × 0.2 m (𝑊 × 𝐿 × 𝐻) corresponding to 4.5 m × 10 m × 4 m (𝑊 × 𝐿 × 𝐻) 
in full-scale, which is one of the models discussed in Chapter 4. There are two types of balcony 
studied in this section. The left scaled-down balcony in Fig. 1(a) has the dimensions of 
0.1 m × 0.05 m × 0.05 m (𝑊 × 𝐿 × 𝐻) corresponding to 2 m × 1 m × 1 m (𝑊 × 𝐿 × 𝐻) in 
full-scale. The balcony is 0.125 m away from the ground and 0.075 m away fron building 
edge, which correspond to 2.5 m and 1.5 m in full scale. The position of balcony is assumed 
to locate at the second floor for a two-storied house. The right scaled-down balcony in Fig. 1(b) 
has the same height and length with the left balcony and extends until the edges of windward 
wall. The balconies on the leeward walls have the same dimensions with the balconies on the 
windward wall. The mean pressure coefficients for buildings with two balcony types and 
without balcony along the midline are displayed in Fig. 2. It is clearly observed that the positive 
pressures are reduced a lot especially near the balcony. The symbol of pressure coefficients 
near the balcony changes from positive to negative when the width of balcony becomes larger 
in Fig. 2(c), indicating that the acting direction of localised pressure changes from towards the 
building surface to away from the building surface. The balcony on the windward wall makes 
the approaching wind streamlines separate along the edges and form a reverse flow region 
inside the balcony as shown in Fig. 3(b, c). The balcony on the windward wall provides 
buffering effect and therefore reduces the pressures on the windward wall compared to the 
building without balcony, where the approaching wind streamlines directly act on the 
windward wall as shown in Fig. 3(a). When the width of balcony is larger in Fig. 3(c), the 
reverse flow inside the balcony has larger size and higher intensity. This could be reflected by 
the vorticity distribution in Fig. 4. The average vorticity inside the smaller balcony in Fig. 4(b) 
is close to 0 s-1 in Fig. 4(b), and increases to a vorticity value of around 300 s-1 when the 
balcony is wider in Fig. 4(c). The velocity vectors of wind flow inside the wider balcony rotate 
much quicker than the smaller balcony, and therefore cause an even lower pressure zone inside 
the balcony. The size of separation bubble on the roof is also reduced significantly for the 
buildings with balconies, and the size reduction is more apparent when the balcony on the 
windward has a larger width as displayed in Fig. 3. This indicates that the appearance of 
balcony on the windward wall could lead to an earlier flow reattachment on the roof ridge and 
a smaller size of separation bubble. Although the size of separation bubble shrinks a lot with 
the introduction of balcony, the suction pressures caused by flow separation become more 
critical and reach a highest value of -1.2 as observed in Fig. 2 for the building having balcony 
across the windward wall. It is also observed from Fig. 4 that the vorticity values on roof of 
building with wider balcony are relatively higher than the other two cases, which indicates that 
the flow separation on the roof ridge is intensified when the width of balcony on the windward 
wall becomes wider. The negative pressures are also intensified to some extent due to the 
existence of balcony on the leeward wall. The reverse flow region in the leeward balcony can 
generate higher suction pressure on the leeward wall than the flow wake as shown in Fig. 2. 
The formation of reverse flow inside balcony on the leeward wall can be observed in Fig. 3(b, 
c). Different balcony dimensions can generate little influence on both the dimension of reverse 
flow inside the balcony and the generated pressure coefficients on the leeward wall. 
The positive pressures on the midline of windward wall are observed to reduce significantly 
for the building with balconies. The pressure distribution on the other areas within the 
windward walls and leeward walls also varies due to the influence of balcony, as displayed in 
Fig. 5. The pressure coefficients on the façade of balcony are relatively higher than the other 
areas of the windward wall and distribute uniformly. Beside the balcony façade, there are some 
other areas with high positive pressures as shown in Fig. 5(b, c), which is attributed to reason 
that the wind streamlines separate along the sharp edges of balcony, hit the areas near balcony 
on the windward wall, and therefore result in high positive pressures. When the balcony goes 
across the windward wall in Fig. 5(c), the high positive areas distribute on the upside and 
downside of balcony on the windward wall. The high pressures on the windward wall of 
building without balcony concentrate on the central part, which is a totally different distribution 
pattern compared to building with balconies. These findings indicate that the building design 
guidelines for building without balcony cannot apply on building with balcony on the façade. 
The provisions included in Australia wind load standard AS 1170.2 [3] are for buildings 
without façade details, which should be used with caution for the design of building with 
balconies. The absolute values of negative pressure on the leeward wall of building with 
balconies are slightly higher than building without balcony, indicating that the flow wake 
intensity might be increased by the sharp edges of the balcony on the leeward wall. The overall 
pressure coefficients on the leeward wall are relatively less critical compared to the windward 
wall and roof ridge, and the suction pressure coefficients are limited to a value of -0.3. 
  
                                                   (a)                                                                                                   (b)  
Fig. 1. Schematic figure of the dimensions of two different balconies 
 
 
                                       (a)                                                                     (b)                                                                     (c) 
Fig. 2. Pressure distribution along the midline of building: (a) without balcony; (b) with a smaller balcony; (c) with balcony 
across the windward wall 
 
  
                                      (a)                                                                  (b)                                                                (c)                                       
Fig. 3. Wind streamlines on the mid-plane of building: (a) without balcony; (b) with a smaller balcony; (c) with balcony 
across the windward wall 
 
 
                                       (a)                                                                     (b)                                                                    (c) 
Fig. 4. Vorticity distributions on the mid-plane of building: (a) without balcony; (b) with a smaller balcony; (c) with balcony 
across the windward wall 
 
 
 
  
 
  
  
 
Fig. 5. The pressure coefficient distributions on: (a, b, c) the windward wall; (d, e, f) the leeward  
5.3 Numerical Study on Building with Roof Overhang 
Building with roof overhang is a commonly used residential structure type as shown in Fig. 
8(a). The extended roof can provide sunshine shielding, and rain drainage to protect the doors 
and windows underneath [4-6]. However, this additional structure can also alter the wind flow 
streamlines around the building and generate different pressure distribution on the roof [7, 8]. 
There are three different lengths of roof overhang studied in this section, and the lengths of 
extended roof are the same for all the four building walls as shown in Fig. 6(b). The lengths of 
extended roof are 0.025m, 0.05m and 0.075m for the scale-down models in simulation, 
corresponding to 0.5m, 1m and 1.5m in realistic scale. The differences of buildings with and 
without roof overhang will be identified firstly. Then, the pressure distributions are investigated 
on building roof with different overhang lengths.  
The simulated wind streamlines around building under wind directions of 0° and 90° are 
displayed in Fig. 7. It is clearly observed that there is a reverse flow formed under the overhang 
part in front of the windward wall, and the separation bubble begins to emerge from the leading 
edge of roof overhang. The pressure distributions on the roof without overhang are displayed 
in Fig. 8(a, d) under wind directions of 0° and 90°. The pressure coefficient distributions on 
the roofs with overhang part are displayed in Fig. 8(b, e), where the pressures under the 
overhang parts are not considered. The distributions of net pressure coefficient on the building 
with roof overhang are displayed in Fig. 8(c, f). It is found that both the pressure distribution 
pattern and the pressure coefficient value have small differences on the upper side of roof ridge 
under both parallel and perpendicular wind directions. However, the differences increase 
drastically when the pressure coefficients under the overhang part are taken into consideration. 
The absolute value of the highest suction pressure coefficient under the separation bubble 
increases from -1.2 in Fig. 8(b) to -2.2 in Fig. 8(c) when the wind direction is parallel to the 
roof ridge. When the wind direction is perpendicular to the roof ridge, the highest suction 
pressure drops down from -1.6 in Fig. 8(e) to -2.6 in Fig. 8(f). On the contrary, the suction 
pressures at the ending parts of roof ridge slightly increase after the pressure coefficients under 
overhang part are taken into consideration. 
These change rules can be described in Fig. 9. The pressure direction on the upper side of roof 
ridge is away from the building surface because of the flow separation above the roof ridge. 
The reverse flow in front of the windward wall and the flow wake behind the leeward wall 
result in positive pressures acting towards the building surface, and negative pressures acting 
away from the building surface. Therefore, the net pressures on the roof overhang near the 
windward wall are enlarged a lot due to the introduction of reverse flow region under roof 
overhang. But the suction pressures on the ending part of the roof ridge could be neutralised 
by the pressures acting away from building surface under the roof overhang part, which leads 
to smaller net suction pressures as shown in Fig. 8. These findings indicate that extra attention 
should be paid on the roof overhang especially near the windward wall. The application of roof 
overhang makes the roof structure more vulnerable regardless of the beneficial effects brought 
by roof overhang. 
The distributions of net pressure coefficient with different lengths of roof overhang are 
displayed in Fig. 10. Little difference could be found for buildings with different lengths of 
roof overhang when the wind direction is parallel to the roof ridge. When the wind direction is 
perpendicular to the roof ridge, the suction pressure coefficients on the roof ridge go down 
significantly from -1.2 to -1.6 when the length of roof overhang changes from 0.025 m to 0.075 
m. The highest suction pressure coefficients are all around -2.5 near the leading edge of upwind 
roof and have small differences on the roof overhang parts between these three cases. However, 
it does not mean the roof overhang part can be excessively long. This is due to the moments 
generated on the connecting point between roof overhang and the building windward wall as 
shown in Fig. 11(a). A higher moment can be generated on the connecting point with the 
increase of roof overhang length, and might turn over the whole roof structure in severe weather 
conditions like windstorm. The suction pressures generated on the downwind roof overhang 
are not considered because they are all of values higher than -0.5 and are less critical compared 
to the upwind roof overhang part. Therefore, the support structure such as the one shown in 
Fig. 11(b), is necessary to protect the roof overhang part and keep the integrity of roof in severe 
weather conditions. Actually, the length of roof overhang is commonly around 0.6m in the 
construction of low-rise buildings. A longer roof overhang can provide better protection on the 
building, but the support structure as shown in Fig. 11(b) is necessary for this kind of structure 
to keep structural integrity [9, 10]. In conclusion, the downwind roof overhang could be 
extended to a relatively longer length compared to the upwind roof overhang. However, an 
overlong roof overhang should be avoided on the upwind roof and support structure is needed 
for buildings with long roof overhang. 
  
                                                (a)                                                                                                      (b)                                           
Fig. 6. The building with roof overhang: (a) in realistic; (b) in CFD simulation 
 
 
                                                (a)                                                                                                      (b)                                           
Fig. 7. Wind streamlines on the mid-plane of building with roof overhang under a wind direction of: (a) 0°; (b) 90° 
 
 
 
 
 
 
 
 
 
                                       (a)                                                                     (b)                                                                      (c)                                      
 
                                       (d)                                                                     (e)                                                                      (f)                                      
Fig. 8. Pressure coefficient distributions on building roofs under a wind direction of (a, b, c) 0°; (d, e, f) 90°  
 
                                                (a)                                                                                                      (b)                                           
Fig. 9. Schematic figure of wind loading on the roof with overhang under a wind direction of (a) 0°; (b) 90°  
 
 
                                       (a)                                                                     (b)                                                                      (c)                                      
 
                                       (d)                                                                     (e)                                                                      (f)                                      
Fig. 10. Pressure coefficient distributions on the roofs under wind directions of 0° and 90° for buildings with roof overhang 
lengths of (a, d) 0.025m; (b, e) 0.05m; (c, f) 0.075m  
 
 
                                                (a)                                                                                                      (b)                
Fig. 11. (a) The force diagram of roof overhang part; (b) the support structure under roof overhang 
5.4 Numerical Study on Different Roof Shapes 
5.4.1 Perpendicular Wind Direction of 0° 
Roof shape plays an important role in urban environment and can result in very different 
pressure distributions under different wind directions [11, 12]. The influence of different roof 
shapes including flat roof, gable roof and round roof, as displayed in Fig. 12, is studied in this 
part under different wind directions. These roof shapes are selected considering that they are 
commonly used in the construction of residential houses.  All the models have the same eave 
height of 0.2 m. The pressure distributions on the midlines are displayed in Fig. 13 under wind 
direction 0°, and the wind streamlines on the mid-plane are displayed in Fig. 14. These different 
roof shapes generate little influence on the pressure distributions, and the flow patterns around 
building are also very similar.  The velocity distribution and vorticity distribution on the mid-
plane are displayed in Fig. 15 and Fig. 16 respectively. The wind flows are accelerated when 
hitting the sharp edge near the windward wall, and create a high velocity region above the roof 
ridge. The separation bubble is formed under the high velocity region, where the vorticity is 
high as displayed in Fig. 16, indicating the quick rotation of velocity vector within the 
separation bubble. These different roof shapes do not generate large difference on velocity 
distribution and vorticity distribution when the wind direction is parallel to the roof ridge. 
 
 
   
                                       (a)                                                                     (b)                                                                      (c)                                      
 
Fig. 12. Simulation models of (a) flat roof building; (b) gable roof building; (c) round roof building 
   
                                       (a)                                                                     (b)                                                                      (c)                                      
Fig. 13. Pressure coefficeint distribution under wind direction 0° along the midline of (a) flat roof building; (b) gable roof 
building; (c) round roof building 
 
   
                                       (a)                                                                     (b)                                                                      (c)                                      
Fig. 14. Wind streamlines under wind direction 0° on the mid-plane of (a) flat roof building; (b) gable roof building; (c) 
round roof building 
 
  
 
                                       (a)                                                                     (b)                                                                      (c)                                      
Fig. 15. Wind velocity distribution under wind direction 0° on the mid-plane of (a) flat roof building; (b) gable roof building; 
(c) round roof building 
 
 
  
 
                                       (a)                                                                     (b)                                                                      (c)                                      
Fig. 16. Vorticity distribution under wind direction 0° on the mid-plane of (a) flat roof building; (b) gable roof building; (c) 
round roof building 
5.4.2 Perpendicular Wind Direction of 90° 
Compared to the wind direction of 0°, the differences of different roof shapes are much more 
significant when the wind direction is perpendicular to the roof ridge. The pressure coefficient 
distributions along the midline are displayed in Fig. 17. The differences on the windward wall 
and leeward wall are very small but the pressure coefficients on the roof ridge decrease when 
the roof shape changes in the order of flat, gable and round. This means the suction is more 
severe on the roof with a more streamlined shape. The wind streamlines around the building 
are shown in Fig. 18. It is clearly observed that the size of separation bubble decreases from 
flat roof to round roof, and little difference could be found on the reverse flow region in front 
of the windward wall and the flow wake behind the leeward wall. The high velocity region 
above separation bubble also varies a lot as shown in Fig. 19. The velocity values are generally 
higher and this region is closer to the roof when the roof changes from flat to round, which 
might be attributed to the stronger acceleration effect when the wind flow separates from a 
more streamlined contact edge. The intensity of the separation bubble is also higher on the 
round roof, which can be proved by the vorticity distribution in Fig. 20. It is clearly observed 
that the vorticities become higher when the roof shape is streamlined, and the region with high 
vorticities is closer the roof surface. This more intense separation bubble makes the suction 
pressures more critical on the round roof when the wind direction is perpendicular to the roof 
ridge. Although the round roof building suffers the highest wind loading between these three 
cases and the construction complexity is higher, the application of round roof building is 
beneficial to make water run off especially in areas that receive more snow and rain. The round 
roof structure can also provide additional daylight for residents and has better performance in 
natural ventilation, which can contribute to a comfortable indoor environment [13]. Therefore, 
different roof types have the individual advantages and disadvantages, and the selection of roof 
type should depend on the local situations  
   
                                       (a)                                                                     (b)                                                                      (c)                                      
Fig. 17. Pressure coefficeint distribution under wind direction 90° along the midline of (a) flat roof building; (b) gable roof 
building; (c) round roof building 
 
 
   
                                       (a)                                                                     (b)                                                                      (c)                                      
Fig. 18. Wind streamlines under wind direction 90° on the mid-plane of (a) flat roof building; (b) gable roof building; (c) 
round roof building 
 
 
  
 
                                       (a)                                                                     (b)                                                                      (c)                                      
Fig. 19. Wind velocity distribution under wind direction 90° on the mid-plane of (a) flat roof building; (b) gable roof 
building; (c) round roof building 
 
  
 
                                       (a)                                                                     (b)                                                                      (c)                                      
Fig. 20. Vorticity distribution under wind direction 90° on the mid-plane of (a) flat roof building; (b) gable roof building; (c) 
round roof building 
 
 
 
5.4.3 Oblique Wind Direction of 60° 
The vortices formed on different roofs are displayed in Fig. 21, which are simulated by large 
eddy simulation. This transient simulation method is more capable of capturing the 
characteristics of roof corner vortices under oblique wind attack angles. Two vortices could be 
found on all the roofs, which distribute along the long leading edge and short leading edge 
respectively. The high suction pressures brought by these vortices are displayed in Fig. 22. The 
pressure distribution patterns along the long leading edge are very similar, the suction pressures 
reach the peak at the roof corner and distribute along the axis of corner vortices. The pressure 
distribution along the short leading edge differs significantly. The suction pressures reduce 
along the axis of vortices near the short leading edge on flat roof. However, the high suction 
pressures concentrate on the downwind part of gable roof and round roof. Regardless of the 
differences on pressure distribution pattern, the magnitudes of high suction pressures brought 
by corner vortex have relatively small difference. A more streamlined roof shape cannot 
effectively reduce the high suction pressure brought by roof corner vortex based on the three 
models studied in this part. However, there are some other ways that could reduce the high 
suction pressures brought by roof corner vortices. It is found in Chapter 4 that the suction 
pressures on the gable roof could be reduced significantly with the increase of roof pitch. A 
higher roof curvature was also proved to be useful in decreasing the suction peaks at the 
windward corner for round roof buildings [14].  
   
                                       (a)                                                                     (b)                                                                      (c)                                      
 
Fig. 21. Flow regions formed under wind direction 60° on the roof of  (a) flat roof building; (b) gable roof building; (c) round 
roof building 
 
   
 
                                       (a)                                                                     (b)                                                                      (c)                                      
Fig. 22. The distribution of localised pressure coefficient under wind direction 60° on the roof of  (a) flat roof building; (b) 
gable roof building; (c) round roof building 
 
5.5 Summary 
The influence of building details including balcony and roof overhang is investigated using 
CFD analyses. The existence of balcony could effectively reduce the positive pressures on the 
building façade. The reverse flow region inside the balcony and the flow separation on the roof 
are intensified when the balcony width becomes larger. The net suction pressures on the roof 
overhang part are proved much more critical than the building without roof overhang. This 
indicates that the roof structure is more vulnerable with overhang part especially in weather 
conditions of high wind speed. The support structure under roof overhang part is necessary 
especially when the length of roof overhang part is longer than 0.6m. The different roof shapes, 
including flat roof, gable roof and round roof, generate similar flow patterns around building 
and similar pressure coefficients on the building surfaces. When the wind direction is 
perpendicular to the roof ridge, more severe suction pressures can happen on the roof when the 
roof shape changes in the order of flat, gable and round. This is attributed to the reason that the 
wind acceleration effect is more significant when the leading edge is more streamlined. The 
change of roof shape has little influence on the magnitude of suction pressures brought by roof 
corner vortices at a wind direction of 60° but can affect the pressure distribution patterns. It is 
concluded that the flat roof has the best overall performance to resist wind loading based on 
the three roof shapes considered in this section. Also, it is found in Chapter 4 that the suction 
pressures brought by both the flow separation under perpendicular wind directions and the 
corner vortices under oblique wind directions could be reduced a lot with the increase of roof 
pitch. Therefore, the flat roof shape and the gable roof shape with relatively higher pitch, to be 
more specific, more than 11°, have good performance to reduce the high suction pressures 
under both perpendicular and oblique wind directions. 
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6. Summary and Conclusions 
In this study, the wind influence on low rise buildings with different geometries are investigated 
by both experimental method and numerical method. The research background and research 
goals are summarised in Chapter 1. Chapter 2 reviews previous studies that focus on the 
influence of different building geometries on flow characteristics around buildings, and the 
development and applications of CFD on buildings.  Chapter 3 analyses the mean pressure 
distributions around gable roof buildings with different opening configurations, including an 
enclosed building, a building with a windward opening, a building with a windward opening 
and a sidewall opening, and a building with a windward opening and two sidewall openings. 
Wind tunnel tests are conducted and used to verify steady state RANS simulation method with 
different turbulence models. In Chapter 4, LES simulation is introduced to compare with 
experimental results and RANS simulation results, based on the observation that RANS has 
deficiencies to predict pressure distribution on the roof under oblique wind directions. In 
Chapter 5, simulation results are used to study buildings details and different roof shapes. The 
results reveal that these parameters could significantly change the localised wind loading and 
should arouse enough attention during construction process. 
1. By comparing the RANS simulation results from different turbulence models, 𝑘 − 𝜔 𝑆𝑆𝑇 
turbulence model has the best performance in pressure prediction compared to the other models. 
Especially under perpendicular wind directions, flow separations could be predicted with 
satisfactory accuracy.  
2. However, steady state RANS simulation method shows relatively large discrepancies in the 
prediction of roof corner vortices. Large eddy simulation has improved accuracy over RANS 
in the pressure prediction of corner vortices when a building is under oblique wind directions. 
Both the absolute values of pressure coefficient and the pressure distributions on the roof can 
be better simulated by LES. The reason is attributed to the high turbulence generated in this 
flow problem, where a transient simulation method could capture high intensity turbulence 
better than a steady state simulation method. 
3. Although LES has higher accuracy than RANS, the computational cost also increases in an 
order of around 80. Therefore, RANS is suggested when a building is under perpendicular wind 
directions and LES is more accurate when a building is under oblique wind directions. 
4. Little difference can be found in external pressure coefficient comparisons along the mid-
axis between different opening configurations (no opening, one windward opening, one 
windward opening with sidewall opening, and one windward opening with two sidewall 
openings). These different opening configurations also have little influence on the position of 
stagnation point on the windward wall. However, the internal pressures are affected a lot due 
to the introduction of different opening configurations, which lead to significant influence on 
the net pressures acting on building surfaces. 
5. Large variations could be found in flow pattern and pressure distribution when the wind 
direction is perpendicular to roof ridge between roof angles of 11.3°, 21.8° and 31.0°. A critical 
roof pitch of around 2:5 (21.8°) is found in this wind direction, where the flow patterns change 
a lot at this roof angle. However, both the flow pattern and pressure distribution are affected 
little by different roof pitches under wind direction 0°. 
6. When the wind direction is oblique to the building, high suction pressures are created under 
roof corner vortices, which are mainly concentrated on the long leading edge, short leading 
edge and roof ridge. There is a general tendency for high suctions to reduce significantly when 
the roof pitch becomes steeper. This is because vortices with higher turbulence could be 
generated on the roof due the sharp edges of a lower roof pitch. Therefore, a flat roof or a low 
roof pitch should be selected with caution in building construction especially for coastal cities.  
7. The provisions in Australian wind standard AS 1170.2 underestimate the magnitudes of 
external pressure coefficients around the stagnation point when the wind direction is parallel 
to roof ridge. Besides, provisions are not provided on the pressure design under oblique wind 
directions, which is regarded as a significant deficiency of AS 1170.2. The American wind 
standard has well rounded provisions in pressure prediction for low rise buildings. Symmetrical 
pressure design on the roof in applied in ASCE, which considers all the wind directions. The 
pressure values are also verified to be safe by results measured from wind tunnel tests. 
8. The existence of balcony could effectively reduce the pressure coefficients on the windward 
wall, and building with roof overhang suffers higher suction pressure near the leading edge, 
which makes the roof structure more vulnerable than building without overhang. The different 
roof shapes, including flat roof, gable roof and round roof, generate similar flow patterns 
around building and similar pressure coefficients on the building surfaces. When the wind 
direction is perpendicular to the roof ridge, more severe suction pressures can happen on the 
roof when the roof shape changes in the order of flat, gable and round. The change of roof 
shape has little influence on the magnitude of suction pressures brought by roof corner vortices 
at a wind direction of 60° but can affect the pressure distribution patterns. 
9. CFD can have a wide range of applications in human being’s activities if its level of accuracy 
is improved to a high level and gains worldwide acceptance. However, the difficulties are still 
very significant in the applications of CFD. One of the dampers is the computer processing 
speed, which makes simulation methods other than RANS not practical in industry. Besides, 
the existing best guidelines are not well developed and mainly concentrated on RANS. With 
the development of computer processing speed and best guidelines, CFD is believed to be a 
more time-efficient and economic approach and can be widely used in different engineering 
fields.  
 
